PAGES MISSING IN 
THIS BOOK 


THE BOOK WAS 
DRENCHED 


TIGHT BINDING BOOK 



UNIVERSAL 


<0U 166278 

q; “ 



UNIVERSAL 

LIBRARY 




OUP— 2272— 19-1 1-79—1 9,000 


OSMANIA UNIVERSITY LIBRARY 

Call No. ^ Accesiion 

C ?>if K 

This book should be returned on or before the date last 
marked below. Pi 2. jC^' ^ A . 




RECENT ADVANCES 
IN ATOMIC PHYSICS 


BY 

GAETANO CASTE LFRANC HI 

Professor in the High /«» Engineers in Milan 


APPROVED TRANSLATION BY 

W. S. STILES, Ph.B. 

Scientific Assistanty The Mational Physical Laboratory^ Teddington 
AND 

J. W. T. WALSH, M.A., B.Sc. 

Principal Assistant, The National Physical iMboratory, Teddington 


Volume I 

Atoms, Molecules and Electrons 


With 111 Illustrations 



LONDON 

J. & A. CHURCHILL 

40 GLOUCESTER PLACE 
PORTMAN SQUARE 
1932 



Printed in Great Britain 



TRANSLATORS’ NOTE 


In consultation with the Author, it has been decided to reduce 
somewhat the bulk of the work by the omission of Chapters IV, 
VI and XXI of the third Italian edition. These chapters deal 
respectively with the Brownian Movement, Relativity and Mass, 
and Astrophysics. In addition, Chapters III and VIII of Vol. II 
of the English edition have been slightly abridged. The other 
alterations and rearrangements made are of a very minor character. 
The opportunity has been taken to correct certain slight errors in 
the text and to revise the more fundamental data in accordance 
with the International Critical Tables. 


Teddington. 


W. S. STILES. 

J. W. T. WALSH. 



EXTRACTS FROM THE AUTHOR’S 
PREFACE TO THE THIRD ITALIAN 
EDITION 

In this third edition I have endeavoured to make the treatment 
more preeise and more vigorous. I have added eertain sections, 
such as those on piezoelectric (piartz, photoelectric cells, the 
new theory of radioactivity, the discovery of parahydrogen, 
television, etc. . . . The numerical data ha\T been brought up 
to date. ... To enable students to follow out the various 
subjects in greater detail, an extensive bibliography has been 
added, both in the body of the text and at the end of each chapter ; 
reference is there diade to specialist books which arc not always 
available. To assist in the use of the book, thcMuore difficult 
paragraphs, which do not form an essential pi« of the main 
treatment, havT been marked with an asterisk -jind subsidiary 
matter is printed in smaller type. The j[ess advanced reader may 
omit Chapters III, VII, VIII, and IX of Vol. II ... . 
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December, 1030 , 
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AUTHOR’S PREFACE TO THE 
FIRST EDITION 


The first two chapters are introductory, and describe those 
basic ideas in chemistry, physical optics and the electromagnetic 
theory of light which are needful to a proper understanding of 
the remaining chapters. 

For the sake of simplicity and brevity, some subjects have been 
omitted altogether, and in others the treatment has been limited 
to giving the reader a general idea of what is known. If there 
are gaps, these are not always unintentional ; on the other hand, 
some repetition has been thought permissible as likely to assist 
the reader. 

In dealing with the principal subjects, each one of which has 
a separate chapter devoted to it, we have mentioned only the 
most prominent physicists so as to avoid referring to hundreds 
of names. At the same time, though the honour of certain 
theoretical or experimental discoveries may belong chiefly to 
one man, it is equally true that many others may, by their labours, 
have prepared the way, may even have reached similar results 
contemporaneously or have developed and elucidated the work 
of others. 

For such reasons it is sometimes difficult to ascribe names 
and dates very precisely to the various discoveries ; the progress 
of science is due to contributions made by many workers, and does 
not take place solely in vast strides due to single individuals. 

Many books on modern physics have already achieved a wide 
circulation even among non-specialists, particularly those dealing 
with the advances made during the first three decades of the 
present century ; in these books just the outstanding points 
have been dealt with and at no great length. 

In the present work the historical and biographical portion, 
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although of very great interest, has been almost entirely suppressed 
for the sake of brevity. Wc have rigidly adhered to the simplest 
possible form of treatment, avoiding all that is abstruse, all 
unnecessary elaborations of the argument, and all lengthy 
calculations which hinder a rapid comprehension of the subject 
as a whole by obscuring it in a mass of detail. 


Milan, 

December, 1928. 


THE AUTHOR. 



RECENT ADVANCES IN 
ATOMIC PHYSICS 


VOLUME I 
CHAPTER I 

ATOMS AND MOLECULES IN PHYSICAL CHEMISTRY 
Modern Physics 

In developing the various branches of our subject, the historical 
order will as far as possible be followed. This has the advantage 
of showing the remarkable development of physics in the last 
thirty years, in its successive steps. The most striking advances 
have been made in the domain of the atomistic, in the world of the 
infinitely small. Nevertheless, at the other extreme, in the world 
of the stars, physics has remarkable progress to report. It is 
noteworthy that the study of atomistic phenomena has placed in 
our hands the means for investigating the stars, where protons 
and electrons, the simple fundamental building stones of the 
universe, play their part just as in some very delicate experiment 
in the laboratory. 

The whole of modern physics is dominated by atomistic ideas. 
We feel urged towards the ultimate elements which make up 
matter and energy and which lie at the base of all physical and 
chemical phenomena, in an attempt to reveal the essence, the 
substratum of nature. 

In the last thirty years, an uninterrupted succession of 
experiments, of discoveries — some accidental — and of theories 
co-ordinating the experimental data, has so enriched and 
perfected the atomistic conception that at the present time there 
can be no one without some knowledge of this doctrine. There are 
many reasons why this is so. There is the interest which the 
infinitely minute excites, the close connection of atomic theory 
with the physics, and chemistry of ordinary materials, the 
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dramatic crisis which the atomistic conception has precipitated in 
physics, its mother science, and finally there are the innumerable 
applications which the new science has found in a thousand 
directions. It is only necessary to mention among the fields of 
application of modern atomistic physics, the technique of high 
vacua, the thermionic valve of wireless telegraphy, cosmogany. 
X-ray and radiation therapy, meteoi’ology, quantitative spectrum 
analysis, physiology, television, ete. 

Atomistic theory was initiated in about 1860 with^ Maxwell 
and Boltzmann’s (1844-1906) celebrated kinetic thet^/ctf gases. 
After this first achievement it seemed that \io fuftlrer advance 
would be possible, but following upon the work of Maxwell (1873) 
and Hertz (1888) demonstrating the electromagnetic character of 
light, there came the experiments on eathode rays which revealed 
the existence of an electrieal corpusele as a universal eonstituent 
of matter. In 1895 Lorentz made a direct attack on the problem 
of the connection between light and matter, and produced his 
electron theory. 

In the same year (1895) Rontgen discovered X-rays and quickly 
ascertained their nature. Becquerel, H. Curie and Madame Curie 
discovered the phenomenon of radioaetivity (1898). In the 
following year the existence of electrons as universal constituents 
of matter was demonstrated. 

At this point there begins a veritable revolution in physical 
science. In 1900 Planck laid the foundations of the quantum 
theory. Einstein a little later (1905) gave the laws of Brownian 
motion and of statistical fluctuations, derived the specific heat 
formula and created the relativity theory which was to overthrow 
century old notions of space and time, and, in the process, make 
its author world famous. In 1913 the Braggs’ work revealed the 
structure of crystals. Rutherford (1919) elucidated the nuclear 
structure of the atom in a long series of experiments. . 

Thomson and Aston discovered isotopes. Millikin succeeded 
in isolating and measuring the electron. Bohr (1921) and 
Sommerfeld gave the complete theory of the hydrogen atom. 
Compton (1924) was led to the discovery of the striking effect 
which now bears his name, by a profound analysis of the nature of 
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light. Fermi created the new statistics. Uhlenbeck and Goudsmit 
found spectroscopic evidence for the rotating electron ; Pauli 
revealed the key to the periodic system. Louis de Broglie (1925) 
conceived the idea of wave mechanics. Schrodinger of Zurich 
(1926-27) and others developed this idea in various directions. 
Almost at the same time, Heisenberg founded quantum mechanics, 
Born Gordon and Dirac completing the theory. 

Historical Note on Atomistic Doctrine 

The genius of the Ionic philosophers seven centuries before 
Christ, had already divined the existence of the atom. Thales of 
Miletus, Leucippus, Democritus and Epicurus, taught in Thrace, 
in the school of natural philosophy, that all bodies are composed 
of atoms, eternal, invisible, incorruptible, in ceaseless motion. 
This was twenty-two centuries before the physics of the elements 
originated with the work of Bacon, Desartes, Boyle and Newton. 
Chemistry arose later, about 1790, with Lavoisier, Dalton and 
Avogadro. 

The philosophers of Ancient Greece were already deeply 
immersed in the study of metaphysics, while still ignorant of 
physics. They discoursed cosmogany before astronomy had laid 
the solid basis of the science, and aimed at the supreme synthesis 
of knowledge. 

The Middle Ages were a period of black night as far as science in 
general, and atomistic doctrine in particular were concerned. 
Even towards the end of the seventeenth century, Leibnitz made 
fantastic speculations on the constitution of matter, but Pierre 
Gassendi in France, in about 1650, had already commenced to 
grasp the true principles underlying the constitution of substances. 

It is with Boyle, who died in 1691, that the new historical period 
in the study of the atomistic doctrine begins, and we have the first 
glimpses '•of the true concepts of the corpuscular constitution of 
matter, and of ehemical composition and decomposition. The 
great Lavoisier, founder of Chemistry, who at the age of fifty-one 
met a tragic end on the guillotine, bequeathed to Dalton (1766- 
1844) the task of founding the atomic theory of matter. Dalton 
discovered the law of multiple proportions, and in 1808 published 

1— a 
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a work entitled “ A New System of Chemical Philosophy,” in which 
he put forward the principles that elements are composed of 
similar atoms of constant weight, and that compound substances 
are composed of the atoms of elements combined in numerically 
simple proportions. 

After Gay-Lussac’s Laws given in 1807, followed four years later 
by Avogadro’s hypothesis, the atomic theory underwent a process 
of completion and perfection, and with Cannizzaro (1826-1910) 
the period of the determination of the atomic weights was brought 
to a close. 

In about 1900, however, a new horizon in the study of the atom 
was disclosed. It appeared that the atom was no longer indivisible 
as implied by the etymology of the name. The electric discharge 
in vacuum tubes, radioactivity, studies of ionisation, spectrum 
analysis, X-rays, the theory of quanta and the theory of relativity 
have in the past thirty years thrown unexpected light on the 
constitution of matter and of radiation. Sensational discoveries 
were recorded in every quarter. An innovatory whirlpool 
enveloped physics, bringing with it a feeling of confusion to the 
very men to whom the new developments were due. Laws, 
universally accepted in the old physics, were shown to be invalid 
in the new. 


Atoms, Molecules, Simple Substances 

The atom is the smallest portion of a given substance which is met with 
in chemical processes. The molecule, on the other hand, is the smallest 
particle for which the distinctive character of a simple or compound chemical 
substance is conserved. For example, when hydrogen and chlorine unite 
together to form hydrochloric acid, the molecules and Cl a split up into 
their constituent atoms to yield two molecules of IICl. 

The number of simple substances or elements known at the present time 
is ninety-two, although not all have been effectively isolated. Two elements 
have not yet been detected experimentally. On the other hand, the number 
of different kinds of molecule is practically infinite. We need only mention 
the countless compounds of carbon. 

When hydrogen unites with oxygen to form water vapour, the combination 
always occurs in the ratio 2 parts by weight of the former to 16 parts by 
weight of the latter. It would seem in no way unreasonable to us if a sub- 
stance with properties very similar to those of water could be obtained by 
the combination of 2*1 gm. of hydrogen with 16 gm. of oxygen. Nature, 
however, has so disposed that that can never happen, and Proust was able 
in consequence to enunciate the celebrated law that “the proportion in 
which two elements unite cannot vary in a continuous fashion.’’ 
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Hydrogen and oxygen can become associated in another proportion, but 
then the new compound is totally different from water, and the quantities 
of the components are in an entirely different ratio. Two grammes of 
hydrogen combine with 32 gm. of oxygen to yield hydrogen peroxide. 

Similarly, chlorine and copper combine to give both cuprous chloride and 
cupric chloride ; carbon and oxygen to give carbon monoxide and carbon 
dioxide. These provide examples of the well-known phenomenon of valency 
which we need not dwell upon here. 

Dalton discovered the law governing the formation of compounds in this 
way. He asserted that in all compounds in which two simple substances 
occur, the quantities of the one, which are found associated with a given 
quantity of the other, stand in a simple ratio, and this remains true if the 
compound contains other elements in addition to the two under consideration. 
For example, in cupric sulphide CuS, in cuprous sulphide CugS, and in cupric 
sulphate CUSO 4 , copper is combined with sulphur, either in the same ratio 
or in the double of this ratio. 

Dalton (1808) was led to assume that Proust’s Law and the law enunciated 
by himself result from the fact that the elements are formed of isolated, 
strictly identical, indivisible particles which take part in the chemical processes 
of synthesis and analysis without being broken up. 

These particles, indivisible in all chemical transformations, spontaneous 
or induced, were rightly to be termed “ atoms ” in the strict etymological 
sense of the word. 

Thus a single atom of carbon will combine with either one or two atoms of 
oxygen, giving CO and CO 2 respectively, and a thousand million carbon atoms 
will combine with precisely one thousand million or precisely two thousand 
million atoms of oxygen. The laws of Proust and Dalton are both explained 
by the one hypothesis. 

It was realised that the atoms of a given element are all identical one with 
another, and all have the same weight and character. In combination the 
atoms group together by whole numbers. 

At this stage the determination of the relative atomic weights was possible, 
but not altogether easy, for the following reason. Consider, for example, 
the very large number of compounds containing the three elements — hydrogen, 
oxygen and carbon. Chemical analysis will establish that a gramme of 
hydrogen combines with m grammes of oxygen and n grammes of carbon in 
one compound, and p grammes and q grammes respectively in another. 
How are we to know the number of atoms in the molecules of the different 
compounds considered ? How can we find the atomic weight of carbon and 
of oxygen with respect to hydrogen if chemical analysis does not furnish an 
unambiguous method of deciding in which of the molecules being analysed 
the weights of the constituents stand in the same ratio as the atomic weights ? 
The relative weights of the atoms could be found by quantitative analysis if we 
knew how many of them there were in the given molecule. 

Fortunately, other considerations serve to guide us in the choice of the 
atomic weight, which, from the purely chemical point of view, would remain 
indetermiife-te. Two similar compounds give rise to crystals of the same 
form, so-called isomorphs, as, for example, the chlorides, bromides and iodides 
of a given metal. 

Furthermore, the compounds of a metal with chlorine, bromine and iodine 
act similarly in chemical reactions. This leads us to believe that the ratios 
between the weights of chlorine, bromine and iodine in copper chloride, 
bromide and iodide for example, will be really the ratios of the atomic weights. 
Thus, the uncertainty in deciding the atomic weights is considerably reduced. 

I here are innumerable examples of isomorphism. 
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Law of Dulong and Petit (1819) 

The specific heat law of Dulong and Petit provides a further means of 
deciding atomic weights. 

According to this rule, if the specific heat of a solid element is multiplied 
by the atomic weight, we obtain in almost every case the constant value six. 
The product, specific heat 4^ atomic weight, is termed the atomic heat. 


1 


Element. 

Specific Heat. 

Atomic Weight. 

Atomic Heat. 

Magnesium . 

0*250 

24*3 

6*1 

Potassium . 

0*166 

391 

6*4 

Copper 

0*095 

63*6 

6*0 

Zinc 

0*094 

65*4 

6*1 

Silver . 

0*057 

107*9 

6*1 

Gold . 

0*032 

197*2 

6*3 

Sulphur 

0*178 

32*0 

8*7 


If there is uncertainty after the examination of the compounds to which 
gold gives rise, as to whether its atomic weight is 197 or double or half this 
value, we can select with confidence 197, because the specific heat is 0*032, 
and 197 x *032 = 6*3. Researches subsequent to those of Dulong and Petit 
have disclosed exceptions to the rule given above. For example, the specific 
heat of carbon in the form of diamond is 0*143, and its atomic weight equals 12. 
Thus the product is not 6, If, however, we determine the specific heat at 
very high temperatures, in the neighbourhood of 900®, we obtain the value 
0*459, and the atomic heat becomes 5*5. 

It has also been discovered that, in every case, towards lower temperatures 
the rule becomes less accurate, because specific heats tend to zero in the 
neighbourhood of the absolute zero. Even at ordinary temperatures it has 
been found that other elements besides carbon do not obev the rule. 

Despite the exceptions (silicon, boron), we cannot attribute to chance the 
very numerous “ coincidences ” pointed out by Dulong and Petit. It is 
only necessary to modify the enunciation of the law by saying that the 
quantity of heat required to raise by 1® the temperature of a solid substance 
is practically nil at the lowest temperatures, increases with rise of temperature, 
and finally becomes very nearly constant at the value 6*4 calories per gramme 
atom. 

This limit is attained more rapidly for those elements which have a high 
atomic weight, e.g., for lead it is already reached at 200® C. 

In the above we have referred to a solid substance, and not expressly to an 
element, because the rule remains valid for compoimds, e.g., the fluorides, 
bromides, sulphides of various metals. This is Neumann’s Law which asserts 
that the molecular heat, or the specific heat of a gramme molecule, |s constant. 
This fact can also be expressed by saying that in solid compounds all elements 
conserve the atomic heat which they had when free. Thus the molecular 
heat is equal (very nearly) to the sum of the atomic heats. 

Iron of atomic weight 56 and sulphur of atomic weight 32 form iron sulphide 
FeS of molecular weight 88. The gramme molecule will require for every 
degree rise of temperature an amount of heat equal to the sum of the atomic 
heats. 

With regard to Neumann’s Law, we may say that it presents the same kind 
of exceptions as that of Dulong and Petit. For example, 60 gm. of quartz 
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SiOg formed from one gramme atom (28 gm.) of silicon and 32 gm. of oxygen, 
absorb at ordinary temperatures only ten calories per degree, but above 400° 
the same 60 gm. absorb 18 calories per degree, just 6 calories for each of the 
three gramme atoms composing SiOg. 

An important development of these ideas will be met Avith later 
(Vol. IL, Chap. IV.). 


Avogadro’s Hypothesis 


Boyle (1660) and Mariottc (1675) discovered that at a fixed tcmjierature 
any gaseous mass exerts a pressure inversely proportional to its volume. 
If the latter is doubled, the pressure is halved, and if the volume is reduced 
to a third the pressure becomes three times as great. 

In 1810 Gay-Lussac found that, keeping the pressure of the gas constant, 
the volume varies uniformly with the temperature in such a way that for every 


degree rise in temperature the volume is augmented by 


1 

273* 


This is true 


for all gases. A similar discovery was announced by Volta, who determined 
the value of the coefficient with great accuracy. The same Gay-Lussac 
(in 1810) published his discovery that the volumes of gases which appear or 
disappear in a reaction stand in simple ratios to each other. This is best 
illustrated by an example. When hydrogen and oxygen combine to form 
hydrogen peroxide or ordinary water, the masses which participate in the 
reaction are such that, under the same conditions of temperature and pressure, 
they occupy either equal volumes (HgOg), or volumes in the ratio 2 to 1 (IlgO). 
Furthermore, the water vapour formed has the same volume as the original 
hydrogen. There was no reason to suppose because of this that the equality 
of the volumes would correspond to the equality of the numbers of molecules 
contained in them. That such was the case, however, was aihrmed by 
Avogadro (1811) in the celebrated law, which he preferred to term an 
hypothesis, and which to-day is familiar to every student of chemistry : 
equal volumes of different gases in the same conditions of pressure and temperature^ 
contain equal numbers of molecules. This is the law of the great Amedeo 
Avogadro, Count of Quaregna and of Cerreto, and Professor at the Academy 
of Vercelli. 

His proposition, received, to begin with, with reserve, but warmly defended 
by. Ampere, furnished a decisive method for determining the relative masses 
of the atoms. 

Equal volumes of hydrochloric acid HCl, hydrogen Hg, acetylene CgHg, 
ammonia NHg, methane CH 4 , benzene C^Hg, contain respectively the following 
quantities of hydrogen : 1,2, 2, 3, 4, 6 , and, in particular, 22 litres of eaich 
gas at the temperature of melting ice and at normal pressure, contain 1 , 2 , 2 , 
3, 4, 6 gm. of hydrogen. Conversely, weights of all the gases, proportional 
to the respective molecular weights, occupy the same volume. Two kg. of 
hydrogen, 7 kg. of chlorine, 28 kg. carbon dioxide, 17 kg. of ammonia all 
represent 22,400 litres. 

It has been seen how the laws of isomorphism and specific heats, together 
with Avogadro’s law, make possible the determination of the relative atomic 
weights. To begin with, hydrogen, the lightest substance, was chosen as the 
standard of reference, and oxygen was then allotted the atomic weight 16. 

When, however, it was found that the ratio O/H was not exactly 16, it was 
thought preferable to modify the original convention in which hydrogen 
W£^ chosen as reference, and to take oxygen equal to 16 as basis, the reason 
being that oxygen occurs more frequently in the determinations of combining 
proportions. In the modified convention the atomic weight of hydrogen 
changes from unity to 1*008. 
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Prout’s Law. Isotopes 

It was in 1815, only ten years after Dalton put forward his 
theory, that the English physician Prout introduced his hypothesis 
on the unity of matter, according to which the atoms of all 
substances are merely aggregates of atoms of one single type, 
joined together without loss of weight in extremely solid and, for 
us, indivisible complexes. Prout had been persuaded of this by 
observing that the differences between certain atomic weights 
were multiples of the weight of the atom of hydrogen, and he drew 
the conclusion that hydrogen was the unique primordial constituent 
of all matter. 

This hypothesis met with favour to begin with, but later it was 
set aside when more precise measurements of the atomic weights — 
which at the time of Prout were not known with sufficient accuracy 
to justify his pronouncement — ^gave results no longer in harmony 
with the supposed law. 

For example, the atomic weight of magnesium was 24*3, that 
of chlorine 85*46. Nevertheless that Prout’s assertion had 
some justification is immediately obvious on inspecting the 
list of the first 25 atomic weights, putting oxygen equal to 16. 


Hydrogen. 

Helium. 

Lithium. 

Beryllium. Boron. 

Carbon, 

Nitrogen. 

1008 

400 

6-94 

9-02 

10-82 

12-00 

14-01 

Oxygen. 

Fluorine. 

Neon. 

Sodium. 

Magnesium. 

Aluminium. 

Silicon. 

1600 

1900 

20-2 

23-00 

24-32 

26-96 

28-06 

Phosphorus. 

Sulphur. 

Chlorine. 

Argon. 

Potassium. 

Calcium. 

Scandium. 

3102 

3209 

35-46 

39-88 

39-10 

40-07 

45-10 


Titanium. Vanadium. Chromium. MangancHe. 

48*10 51*00 52*01 54*93 


Investigations were made to find out to what extent the errors of 
experiment could be of influence in displacing the atomic weights 
of the elements from the neighbouring integral numbers, thereby 
masking the law of multiples. We pass over these researches 
which have been superseded by later work. At the present time 
the atomic weights are known exactly to the second decimal place, 
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and those referred to above may safely be taken as correct. It 
is obvious that these approximate to the whole numbers 1, 4, 6, 
9, 12, 14, 16, 19, 20, 23, 27, 28, 31, etc. 

If the experimental values were distributed at random, we 
should expect that out of 25 only 5 would have decimal parts 
lying between zero and O’lO or between 0-90 and 0-999, because 
out of 10 points picked out at random on a centimetre rule, only 
one-fifth of these fall in the intervals of 2 mm. taken half to the 
right and half to the left of the marks of the rule. 

Actually, however, only very few of the atomic weights given 
above fall outside the interval -f- 0*10 to — 0*10. 

To explain the enigma of this remarkable state of affairs, it was 
suggested that Prout’s rule was a limiting law, attributable to a 
cause whose effects did not appear in all their simplicity because 
of secondary influences which produced perturbations. 

Everything, however, was explained when the study of radio- 
active transformations led Soddy and Fajans to propose that two 
atoms might possess different atomic wciglits, and in spite of this, 
have chemical properties which were so similar that the ordinary 
methods of separation based on chemical alfinity would be 
j)owerless to separate them. The physical properties are likewise 
almost identical for these “ brother elements,” termed isotopes. 
Aston, using an ingenious apparatus which we shall later describe, 
resolved neon into two isotopes of atomic weights 20 and 22, and 
established that chlorine was a mixture of two isotopes having 
integral atomic weights 35 and 37. The simultaneous presence 
of the two simple substances 35 and 37, is the cause of the 
non-integral atomic weight (35 • 46) of chlorine. As a result of this 
work Prout’s hypothesis becomes a law and assumes an importance 
of the first magnitude in our theories of the structure of atoms. 

In the history of Prout’s hypothesis we have another of the 
many cases in which the inductive method has led to the discovery 
of a simple fundamental law from a few apparently very 
complicated facts. Thus, from Kepler’s planetary laws, Newton 
proceeded to derive the law of universal gravitation which regulates 
the whole world. Dalton and Boltzmann, from one or two 
experimental laws, created the atomic theory, and in like manner 
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Planck and Einstein by a process of generalisation have built up 
the new physics of quanta. 

To return to Prout’s idea and to the notion of the uniformity of 
matter, it remained still to be explained why the atomic weights 
are integral if oxygen is taken as 16, whereas they are not if 
hydrogen = 1 is used as basis. The reason is that the ratio of the 
atomic weight of hydrogen to that of oxygen is not 1 : 16, but 
1’008 : 16. How then can hydrogen be the unique constituent, 
the indivisible unit of creation, if the substances it produces by 
agglomeration are not its exact multiples by weight ? 

Actually, none of the atomic weights are integral multiples of 
hydrogen ; in every case there is a deficiency of 8 thousandths. 
The relativity theory of Einstein has removed this difficulty. 

Even before the discovery of radioactivity, which was to lead 
to tlie discovery of isotopes and make known to us the relationships 
existing between the different atoms, an important development 
had induced cliemists to adopt the same general idea of a common 
parentage of the elements. This was the discovery of Mendeleieff 
(1869) that between the properties of the elements and their 
atomic weights, there exist periodic relationships, i.^., arranging 
the elements in order of their atomic weights beginning with the 
smallest, the properties of the elements recur at definite intervals. 

Mendeleieff’s Classification 

If the elements are arranged in order of increasing atomic 
weights, it is observed that there exists a rhythmic variation, at 
equal intervals, in their physical and chemical properties such as 
melting-point, volume occupied by a gramme molecule, electro- 
chemical character, tendency to form various chemical compounds, 
appearance, etc. Putting aside hydrogen, which is the cornerstone 
of the edifice and hence enjoys a place apart, and passing to the 
elements which come after, lithium, beryllium, etc., after traversing 
the series up to neon, we arrive at sodium, which is closely similar 
to lithium. With sodium a new series of eight substances is 
initiated analogous to the preceding eight, each element having its 
appropriate twin in the preceding series. 

These two consecutive series are each formed of 8 elements ; in 
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each the valency beginning with 1 (lithium and sodium) increases 
steadily up to 7, to fall abruptly to zero for the final members of 
both series, neon and argon respectively, two gases wliieh belong 
to the group of so-called rare gases, which are devoid of any 
tendency to combine chemically. After these two periods, which 
terminate in elements altogether different from the initial elements, 
comes a series whose components are found to be similar, taken in 
order, to those already found, and so on. 

All these facts arc combined and exhibited in Mendeleieff’s 
system which is reproduced in the tabic given on p. 12. 

This differs from the original of the Russian scientist in some 
particulars. The chief change has been the introduction of 
several elements discovered since Metuleleieff gave the table. A 
little retouching has also been necessary, such as the interchange 
of argon and potassium, tellurium and iodine, about which we 
shall have something to say later. 

After the first two periods the variation of properties with 
atomic weight becomes more complicated, and the following two 
periods each contain 18 elements. The interval of the periodicity 
then becomes 32, which follows from the correspondence between 
barium (56th element) and radium (88th element). Thus the 
periods have the values : 

2, 8, 18, 32, 

and it is easy to verify the curious fact that these numbers equal 
in order, twice the squares of 1, 2, 8, 4. 

It was only in 1925 that Pauli gave the reason for this 
arithmetical scheme in the periodic system. He was able, in the 
light of the quantum theory, to find the key to the Mcndeleieff 
system and to discover the principle underlying the successive 
building up of the various atoms beginning with the simplest. 
This work will be discussed in Vol. II., Chap. III. 

For the present it will merely be noted that the accuracy and 
certainty of the succession of the elements in the classification 
discovered by Lothar Meyer and Mcndeleieff (1869) was not 
attained until 1918 following upon Moseley’s discovery, as we 
shall show in Chap. VI. 
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visible world by mathematical formulae, which enable us to pass 
from phenomena on a large scale to molecular events. In this 
way the atomic hypothesis could be subjected to test. 

At the end of the century, however, a whole series of 
diseoveries were made, which threw a great deal of light on the 
problem, and made possible delicate experiments on the phenomena 
exhibited by single atoms and moleeules. The atoms were 
subjeeted to physical test, and with the applieation of purely 
physical and sometimes physieal chemical methods an inexhaustible 
field of scientific research lay open. A great number of physicists 
took up the work, and the eenturies-old desire to understand the 
subtle meehanism of nature by a study of the behaviour of its 
ultimate eonstituent partieles was at last realised. 

While great advances in this field were being made, there 
eame to light, one after another, various phenomena for whieh 
the wave theory of light was quite ineapable of providing an 
explanation. 

By the year 1905, it was felt necessary to parallel the granular 
strueture of matter with a possible granular structure of light, and, 
under the impulse given by the new idea, many phenomena of 
interaction between light and matter were carefully studied. 
Chemistry also was deeply concerned in the new developments, 
for the knowledge of the single atom and its behaviour in the 
presence of electromagnetic energy (light) might lead to the 
explanation of many little understood effects, such as, for example, 
the phenomena of valency, which remained very obscuie. 

It is not intended at this stage to summarise these new 
developments which have later to be discussed in detail. We 
merely mention that the discoveries referred to above which 
opened up such fruitful lines of research, were especially. X-rays, 
radioactivity, isolation of the electron, ionisation phenomena, 
Brownidn motion, photoelectric effect, isotopy, experiments of Franck 
and Hertz, etc. 

The above list makes it abundantly clear why modem physics 
has become essentially a study of the atom. Other branches, for 
example terrestrial physics, stellar physics, magnetism, sound, have 
also profited by the new work. The study of sound, for example. 



22 


ATOMS AND MOLECULES 


has been greatly assisted by the application of the triode valve, 
that marvellous piece of apparatus based on the electron emission 
of an incandescent filament, which has made wireless telephony 
and television practicable. 

In the rapid progress which has been made, profitable links 
between the different branches of physics have been established. 
A diseovery in one field has explained obscurities in another. For 
example. X-rays have made possible the exploration of the 
interior of erystals, and the investigation of what may be called 
the erystal skeleton. Speetroseopy, ineluding stellar speetroseopy, 
has thrown a great deal of light on the strueture of the atoms. 
The a-, and y-rays emitted by radioaetive substanecs and the 
magnetie properties of the atoms have both been called upon to 
contribute, in various delieate experiments, to the discovery of the 
plan of construction of the 92 different elements which make up 
the Universe. 


Before entering upon the main argument it will be desirable to 
begin with a brief chapter on optics and the electromagnetic theory 
of light. By doing so, we keep to the historical order of events, 
and in addition we are able to see clearly how modem physics and, 
in particular, the atomistic doctrine, springs from the union of two 
great scientific currents, the study of the ultimate particles of 
matter, on the one hand, and the investigation of the ultimate 
particle of electricity on the other. 
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Fresnel’s Wave Theory 

Analogy, which plays so important a part in scientific discovery, had 
suggested two hypotheses for the interpretation of luminous phenomena, the 
emission hypothesis in which light was imagined to be a bombardment of 
particles similar to those which affect the olfactory organ, and the wave 
hypothesis, an idea suggested by the oscillations observed when still water is 
disturbed at a point. The emission hypothesis had been put forward bj 
Empedocles, and was backed by the authority of Kepler, Newton and Laplace. i 
The wave standpoint, which goes back to Aristotle, was adopted by Descartes, 
Huygens and Euler. 

It was Fresnel (1788-1827) who, following the method of the nineteenth 
century, established the wave theory of light on a firm basis in a series of 
experiments, the precision of which is the more remarkable remembering 
the experimental facilities at his disposal. He discovered and studied a 
great number of interference, diffraction and polarisation phenomena. The 
French Academy offered at that time a prize for a study of diffraction and 
Fresnel submitted his memoir to a committee of five members : Arago, Biot, 
Gay-Lussac, Laplace and Poisson. It would be difficult to think of a more 
select group of physicists. 

Since light exhibits periodicity, there must be something which vibrates. 
This something is “ the ether,” but after centuries of controversy we must 
resign ourselves to the fact that there is no definition of the ether which is 
related (even remotely) wdth ordinary mechanics. In the words of the 
Marquis of Salisbury at the 1894 meeting of the British Association, ‘‘ the 
main if not the only function of the word ether has been to furnish a 
nominative case to the verb to undulate.” 

As to the nature of these waves, it must be realised that down to the present 
time physics has always tried to give a mechanical representation of 
phenomena, that is, to reduce them to motion. It is therefore not surprising 
that Huygens (1629-95) had a purely mechanical conception of light waves. 
It could not be supposed, however, that it was matter which vibrated as in 
the case of sound, for light is transmitted equally well in a vacuum. To get 
round this difficulty, physicists admitted the existence of a special fluid — the 
ether — endowed with unknown properties and capable of rendering that 
service which man’s desire for material representations required of it. 

Light waves are transverse, that is to say, the oscillations of the vibration 
vector occur in the plane normal to the direction of propagation of the light, 
and are sinusoidal, following the law of the sine. 

The transverseness of luminous vibrations follows from the fact that the 
ordinary and extraordinary rays produced in the double refraction of light 
by a crystal are incapable of interfering, either totally or partially, when 
superposed. 
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Between the wave-length A and the frequency v the well-known relation 

A = -= cr 

V 

holds, where c is the velocity of light, t the period. 

Light added to light can produce darkness. This is the phenomenon of 
interference to which attention was drawn by Padre Grimaldi in 1605. To 
obtain the effect it is necessary to superpose at a point two rays from the 
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same source, which have traversed paths, different in length by half a 
wave-length (or an odd multiple of half wave-lengths). 

Two monochromatic light rays which do not have a common origin cannot 
remain out of phase for an appreciable interval of time. If at one moment 
they are in opposite phase, as required for the production of interference, 
shortly afterwards they come into phase and light returns to where previously 
there was darkness. 

Fresnel carried out the famous experiment which is appropriately known 
as Fresnel’s mirrors. The rays issuing from a narrow slit illuminated with 
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monochromatic light, fall onto two mirrors of black glass, inclined to each 
other at an angle of nearly 180 degrees, and so arranged that their line of 
intersection is parallel to the illuminated slit. Corresponding to the slit S, 
two virtual images and Sg are formed, from which all the reflected rays 
appear to proceed. These act as two neighbouring sources in perpetual 
agreement of phase. At a point M of the screen there will be continuous 
light if the difference of length between S^M and SgM is equal to a whole 
wave-length, and absolute darkness if this difference equals half a 
wave-length.* 

Thus fringes, alternately bright and dark, appear. If the light used is 
white, the fringes will be coloured because the effect is complex, the actual 
pattern resulting from the superposition of systems of monochromatic fringes. 


L 



A thin layer of any transparent substance exhibits bright colours when 
illuminated with white light. As examples of thin layers giving the effect, 
we may mention the films of oxide which form on bright steel when it is heated, 
and the film formed by oil or petrol spreading on water. Above all, however, 
it is the soap bubble with its constantly changing thickness which gives the 
richest and most marvellously varied colours. 

Newton allotted a whole chapter of his celebrated* treatise on optics to 
the subject of thin films, and Thomas Young (1773-1829) interpreted the 

* The region in front of the mirrors is an interference field in which a point 
whose distances from the two virtual sources differ by half a wave-length 
will receive no light. 

Now, the locus of points, such that the difference of their distances from 
two fixed points of the plane is a constant, is a hyperbola, and therefore the 
whole field is divided into hyperboloid surfaces, alternately bright and dark. 
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phenomena famed under the name “ Newton’s rings,” in terms of the wave 
theory. 

When monochromatic light is allowed to fall on a thin transparent plate 
(Fig. 3) one part of the light is reflected from the top surface of the plate, and 
another part penetrates the plate and is reflected from the underneath surface. 
The additional path which this light has had to traverse causes a certain 
retardation of phase with respect to the light returned from the top surface, 
and if the thickness of the plate is such as to cause a retardation of a 
wave-length the two reflected beams are in agreement of phase, their 
superposition yields an intensity maximum and the plate appears bright. If 
the thickness is such as to cause the two reflected beams to be in opposite 
phase the plate appears dark. It_ should be not ed that in fhejccflections.at, 
B_ an(L D there i s. a phase loss of half a period. 

The colours of thin plates seen by transmitted light are explained in the 
same way. 

The various phenomena of interferen(*c allow of the determination of tfie 
wave-length of light. The precision of the measurement has become such 
that the unit adopted is a ten thousandth part of a thousandth of a millimetre. 
The unit is called the Angstrom, after the celebrated Danish physicist, 
who first made a scries of very precise measurements of wave-length. 
A mono-chromatic radiation, such as a spectral line expressed in 
Angstrdm units, is, for example, 0438*4696 Angstrom, one of the cadmium 
lines. 

In the X-ray region a still smaller unit is employed w’hieh equals 10~“ cm., 
and we work to the hundredth part of this unit. 

For a long time the adversaries of the wave theory were able to raise the 
objection that if light, like sound, consists in a vibratory motion, it ought to 
bend round obstacles as does the sound of a bell which reaches us from behind 
a house. This brings us to the phenomenon of diffraction which shows that 
light does actually envelop or go round obstacles. Anyone can perform 
the following experiment : a very narrow slit (0 5 mm. wide) is strongly 
illuminated, and the light issuing from it is passed through a second slit, 
parallel to the first and of variable aperture, to fall finally onto a screen. If 
light is propagated exactly in straight lines we should observe on the screen 
a band of light perfectly definite in outline, the width of which decreases as 
the diameter of the second slit is diminished. These conditions are not 
realised. When the second slit has been sufficiently reduced, the patch of 
light on the screen, instead of contracting further, gets larger and exhibits 
at the sides parallel bands alternately bright and dark, w*hich are termed 
diffraction fringes. Fresnel in 1819, in a memoir to the Academy of Sciences, 
gave the explanation and showed that the wave theory explained all the facts 
which Newton and he himself had observed in this field. 

Consider a light wave emitted from a luminous point O (Fig. 4). All 
points reached simultaneously in the progress of the wave must be regarded 
as new luminous centres from which myriads of secondary waves start out in 
all directions. The efl'ects of these when combined in accordance with the 
laws of interference, are such that at any point reached by the light everything 
occurs just as if the light had come in a straight line from O. When, however, 
an opaque screen BB is placed in the path of the wave, only that part of the 
wave which is left free to proceed can emit the secondary wavelets, and in 
the plane aa the effects of these combine so as to produce maxima and minima 
in the illumination at the central region A. This simple example makes it 
clear that light waves can bend round obstacles, as do sound waves. Being 
incomparably shorter than the latter, however, they give effects only on a 
very small scale. For light waves a screen of a few millimetres represents 
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an obstacle comparable to a mountain for sound waves. As the latter are 
stopped by the mountain, so light waves are unable to bend very much round 
the screen. 

Contemplating the marvellous development of the theory formulated by 
Fresnel, Arago wrote in 1830 : “ Despite the many reservations which must 
be made when hazarding a pronouncement about our successors, I venture 
to affirm that as regards the subject of diffraction, they will not add anything 
essential to the discoveries with which Fresnel has enriched science.” 

One hundred years have since passed, but this prophecy still remains valid. 

What are the relations between these vibrations of the ether and the 
luminous ray ? Do they take place along the ray or are they transverse 
vibrations, i.c,, contained in the plane normal to the ray ? None of the 
phenomena of interference or diffraction yield information on this point. 
If the vibrations were longitudinal a luminous ray would be perfectly 

0 


f 



Fig. 4. — ^Diffraction produced by secondary waves. 


symmetrical, and ought to behave in the same way in all the planes containing 
it. If, on the other hand, certain phenomena indicate the existence of a 
disymmetry the hypothesis of longitudinal vibration breaks down immediately. 
Such disymmetry is observable in polarisation phenomena. Natural light is 
unpolarised, but there are many ways of polarising light, ^.e., of bringing about 
a plane of preference for the transverse vibrations. One way is to use what 
is called a nicoL 

Certain substances have the property of rotating the plane of vibration 
of a ray of polarised light passing through them. One such substance is 
quartz. If a plate of quartz, the faces of which have been cut perpendicular 
to the optic axis, is introduced between two crossed nicols, which have, as we 
know, the property of completely extinguishing light, the light is restored. 
The plane of vibration has been rotated, and the second nicol is no longer 
capable of extinguishing the rays. 

These crystalUne substances owe their optical activity to the absence of 
symmetry about the axis of the crystal, which frequently — ^as with quartz — 
is revealed by the presence of certain facets, termed hemihedra. There are 
also substances which owe their property of rotating the plane of polarisation 
to the disymmetry of their molecules (for example, the sugars). 
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More about Diffraction. Gratings * 

The phenomenon of diffraction is easily explained when we consider the 
passage of waves through a narrow slit. Suppose a wave emitted by a distant 
point source (see Fig. 5) propagated through a narrow slit AB in an opaque 
diaphragm. Considering the various points ACB of the slit as independent 
centres of vibration, it is clear that the wave does not merely proceed along 
its original path in the direction AH, but diverges to right and left. In the 
direction AH there will be seen a luminous image of the slit. In a direction 
inclined to AH, such that CE equals half a wave-length, E is in opposite 
phase to A, and hence along the wave front AD there will be pairs of elements 
always in opposite phase. The effect will be that in this particular direction 
a ‘‘ dark image ” of the slit is formed. For a direction at a greater angle a 
luminous image will once more be obtained, but of lower intensity than the 

central undiffracted image. For a still 
greater inclination there again occurs 
interference of the points of the wave 
point taken in pairs, and a dark fringe 
is obtained, and so on. 

To sum up, a system of fringes is 
obtained symmetrical with respect to 
the central line which is bright. The 
first dark fringe occurs at an angle j3, 

where sin = g. 

By tracing a number of extremely 
fine, equidistant lines on a glass plate 
by the aid of a diamond mounted in a 
dividing engine, a Fraunhofer grating 
is obtained. The number of lines in 
such a grating amounts to several 
hundreds per millimetre (see Fig. 6). 

With these gratings diffraction 
spectra are obtained. A monochromatic 
light travelling along the direction LX 
encounters the series of slits BC, 
DE, etc. Two corresponding points, 
such as A and C, lie a distance apart 
equal to w, which is the period of the 
grating or grating constant. In a 
direction making an angle j3 with the 
incident beam, the rays from the grating 
will produce light if m sin = A, for in that case the points C^, E^ on the 
wave front will be vibrating in phase. With white light there is a separation 
of the various colours, because the angle p is different for each colour. 

Diffraction spectra are also obtained by means of reflection gratings (see 
Fig. 7), which are constructed from metallic mirrors, the highly polished 
su^aces of which are furrowed with a very large number of parallel equidistant 
tracts traced by means of a dividing engine. The reflection gratings of 
Rowland (1848-1901) with 10 to 15 million lines in a centimetre are famous. 

SA, SC is the direction of the incident beam ; the reflecting tracts AB, CD 
play the part of the transparent slits in the Fraunhofer grating, and the 

* A reader wishing to refresh his knowledge of physical optics might read 
“Ottica Fisica,” of Prof. Vasco Ronchi, 1928, or R. W. Wood’s “Physical 
Optics.” 
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points, such as A and C, become centres of diffraction. There are certain 
particular directions of the diffracted light for which the corresponding 
points on the diffracted wave front are in agreement of phase. 

It is seen from the figure that that occurs when the sum of the two paths 
AJ and — KC equals a multiple of the wave-length A, or, expressed 
symbolically, when 

m (sin (p — sin = KA, 



Fig. 7. — Reflection grating. 
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where K is a whole number. For integral values of the number K luminous 
fringes are formed, separated by dark regions. If the light instead of being 
monochromatic, is natural light, a spectrum is obtained, or rather a series 
of spectra, one corresponding to K = 1 (the first order spectrum), another 
to K = 2, and so on. 

Diffraction spectra provide a convenient means of measuring the wave-length 
of different coloured lights. Measurement of an angle and application of the 
formula 

A = m sin j8 

give the wave-length A, the grating constant m being assumed known. 

It is evident that the resolving power of a diffraction grating, that is, its 
ability to separate lines of different wave-length, will increase as the period m 
is diminished, or, in other words, as the number of lines in a cm. is increased. 

MODE OF OPEMTiON 




Fig. 8. — Michelson’s echelon grating. 

Two rays of different wave-length A, Ag respectively, will be deviated through 

K A K A 

angles and jSg? such that sin Pi = —^9 sin jSg = ^ud tite difference 

between these angles (or, rather, their sines) is — (Aj — Ag). Thus it is 

desirable to have a very fine grating and to work with spectra of high order. 
As with ordinary gratings the second of these expedients is not possible, 
owing to the fading away of the image, and the former can only be realised 
within the limits fixed by mechanical difficulties of construction, recourse is 
had to an artifice. 

The order of a spectrum increases with increase in the path difference of 
rays proceeding from adjacent elements of the grating. Thus by lerigthening 
this path difference the order of the spectrum, and hence the resolving power, 
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can be increased. This is the principle of the modern echelon gratings due to 
Michelson. 

One piece of apparatus of this kind consists of a number of glass plates, 
each several centimetres thick, piled one on another to form a staircase 
structure (see Fig. 8). If n is the refractive index of the glass with respect 
to air, i,e, the ratio of the velocity of light in air to the velocity in glass, 
then clearly the greater of the light paths of two corresponding rays 
is a X 71 . The illumination of the screen will be a maximum when 


KA = aw — « K ^ an integer. 


It follows from this relation that A “ 


a (w — 1) 
K 


, and fora= 1 cm. (thickness 


of the plates), w “ 1-5 (refractive index) and A ~ 50 X 10-®cm., the spectrum 
which appears in the normal direction is of the order K = 10,000, and has 
all the properties appropriate to a spectrum of such high order. With these 



modern interferometers it is possible to resolve lines which differ in wave- 
length by no more than one ten millionth of a inicron. 

millimetre)\ 

1,000 )• 


1 micTon — 1 


They also provide extraordinarily delicate instruments for measuring, as 
w^ell as resolving, the wave-lengtlis of monochromatic radiations. 


The Velocity of Light and its Direct Measurement 

(ialileo was the first to attempt an experimental study of the propagation 
of light. Tw'o observers, A and B, were placed at a certain distance apart 
and given lanterns, the light from which could be cut off by a shutter. The 
observer A suddenly opened the shutter of his lantern, and as soon as observer 
B saw the signal, he in turn uncovered his lantern. The interval of time 
between the opening of A’s shutter and A’s observation of B’s signal should 
be that required for the light to traverse and retraverse the path AB. Galileo’s 
experiments with a distance AB = 200 metres, and experiments by the 
Accademia del Cimento with AB = 2 kilometres, gave no result. We know 
now why this was so, but the principle of the method was (juite sound, and 
it was later adopted by Fizeau. 

The first measurement of the velocity of light in interplanetary space was 
made by Roomer, a Danish astronomer, in the year 1675. We shall confine 
ourselves to giving descriptions of Fizeau’s and Foucault’s methods for 
determining the time occupied by light in traversing a given terrestrial distance. 
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Fizeau set up at a distance of 8,500 metres two telescopes CC' on a common 
axis, and with their objectives facing each other (sec Fig. 9). In one of the 
telescopes a plane parallel transparent plate was mounted at 45 degrees to 
the axis in front of the eyepiece. A side tube carrying a lens projected the 
image of the light source S to the focus of the objective, so that finally a 
parallel beam of light was received by the other telescope. The objective 
of the latter brought the rays to a focus at which a mirror P was placed. 
After reflection the rays returned to the focus F, from which they had issued 
originally, and were observed as a luminous point by means of the eyepiece A. 

In the focal plane F a toothed wheel was rotated, and as the velocity of 
rotation increased, the luminous point was seen to vanish, but after a further 
definite increase in speed it reappeared. The explanation of these effects is 
as follows : when the time required for a light ray (emerging through the 
gap between two teeth of the wheel) to return to F after having travelled 
the double distance, 17 km. in all, is exactly equal to the period between 
two transits of a gap in the toothed wheel, it is obvious that the light point will 



be visible. If, on the other hand, the time for the double journey is just 
sufficient for a tooth to supplant a gap, then the light ray will be cut off. 
Finally, by accelerating the wheel, vision of the source is restored. The 
number of revolutions per second, the diameter of the wheel at the indentations, 
the distance P to F w^ere all known. The distance F to P, P to F was 
covered in of ^ second, and the following value was deduced for the 

velocity of light : 17 x 18,000 = 300,000 km./sec. approximately. 

In 1862 Foucault (1819-68) worked out another method (see Fig. 10), in 
which the light emitted by a luminous point E was made to pass through a 
glass plate VV' and a converging lens 1^, to be reflected at a plane mirror 
SS'. The real image of the point E fell on a concave mirror B with its centre 
of curvature at A. In this way the return beam reflected at SS' traversed the 
reverse path, undergoing a further partial reflection in VV' to form an image 
on the graduated plate ss', which was observed with an eyepiece O. The 
whole apparatus occupied a space of not more than a few metres in linear 
extension. 

By rotating the mirror SS' at a high velocity it is clear that the reflected 
image formed on the scale will be displaced because the beam travelling to 
and from B finds on its return the mirror SS' in a different position. As a 
consequence the image is seen to be displaced, and the amount of displacement 
can be measured. The distances involved and the velocity of the mirror are 
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known, so that it is easy to deduce the angle of rotation corresponding to the 
time occupied by the light in traversing twice the path AB with velocity c. 
This angle determines the angular deviation of the return beam, which in 
turn fixes the displacement on the scale. I'hus the latter is related to known 
magnitudes and to the single unknown in the problem' -the velocity. From 
these exi)eriments Foucault deducetl for the velocity of light the value 
298,000 km. /sec. 

In material media the velocity of light is always smaller than in vacuo, 

and has the value kin./sce., where n is the refractive index: of the 

n ‘ ’ 

medium. In water, for example, n is about 4/8. The refractive index of a 
medium varies, as a rule, with the wave-length, and the velocity of light for 
the various monochromatic radiations has different values in the same medium. 
In gases the index n is approximately unity for all radiations, so that in a gas 
the velocity is very nearly 800,000 km. /sec. whatever the wave-length. 

Observations on variable stars show that the velocity of propagation in 
vacuum must be identical for the different wave-lengths. If that were not 
the case, at the moment of extinction, the wave-length having the smallest 
velocity should be perceived last, and at reappearance the higher velocity 
radiation should reach us first. The colour of the light perceived would then 
exhibit variations which, in fact, have never been observed. 


A Recent Determination of the Velocity of Light. A. A. Michelson 

The measurements of the velocity of light which have been discussed up 
to now were made many years ago. Nevertheless, Fizeau’s method 
represented a great step forward, and it may be said that, in i)rinci[)le, 
the more elaborate and perfect measurements follow the same lines. 

It is not surprising in view of the importance of knowing the exact value 
of this natural constant, that many physicists should have repeated the 
measurement, and so we have the experiments of Newcomb, Fabry, Perot, etc. 

In the autumn of 1920 A. A. Michelson, in the U.S.A., concluded his 
investigations » of the problem which had extended over a number of years, 
and his account of the work appears in the Astrophysical Journal for January, 
1927. 

A beam of light was made to traverse twice the distance between Mt. 
Wilson and Mt. St. Antonio, in all 71 km. The time required for light to 
cover this distance is 0 00023 of a second. 

The exi)erimental arrangement was the following (sec Fig. 11) : the light 
passes through the slit S onto a rotating octagonal mirror, shown in Fig. 12, 
is reflected at B, then at C, and finally strikes the concave mirror 1) (at the 
Mt. Wilson station). The beam is rendered parallel and travels to the Mt. 
St. Antonio station, where the concave mirror and the plane mirror / reverse 
its direction. On its return to Mt. Wilson the beam is “ observed ” by the 
aid of the mirror and the prism, as shown in Fig. 1 1. 

The rotating mirror was constructed cither of glass or of polished nickel 
steel. It was set into rapid rotation by means of a blast of air. Thus, 
when the octagonal mirror was rotating at the rate of, say, 856 revolutions 
per second, the light was able to cover its entire path and return to find the 
mirror displaced by one-eighth of a revolution. By a special arrangement, 
which we shall not describe, the velocity of rotation of the mirror could be 
determined. The distance between the fixed points at the two stations had 
been accurately measured and tested by the “ U.S. Coast and Geodetic 
Survey.” 

CASTELFRANCHI VOL. I. 2 
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The following are the final results of these very accurate measurements 
of the velocity of light : — 

299,818 km./sec. 299,796 km./sec. 

299.795 „ 299,808 

299.796 „ 299,789 

Taking account of the “ weight ” of the different results, that is to say, 
their respective reliabilities, and including several values of lower weight 



Figs. 11 and 12, 


obtained in the previous year, the mean value finally submitted is 299,799 
4 km./sec. ^ 

The approximate value, 3 x 10 cm./sec., is adopted for most purposes. 

Limits of Accuracy in the Measurement of Wave Length. Technical 
Applications of Interference 

The use of diffraction gratings to measure wave-length has already been 
described on p. 30. In this method the wave-length A is compared with 
the grating constant m {the period). 

Many other methods based on interference phenomena have been devised 
for the measurement of A. The precision of these measurements is limited 
by the circumstance that in nature strictly monochromatic radiations 
representable by simple sine waves are not found. Every radiation, even a 
single spectral line, is composed of an assembly of sinusoidal monochromatic 
waves of different wave-length. For a spectral line the wave-length A varies 
in general within narrow limits A, (A -f JA), The interval A\ is termed the 
width of the spectral line, the apparent width of spectral lines being, in fact, 
proportional to AX, 
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The limitation referred to above consists in the impossibility of measuring 
a wave-length with an error less than JA whenever the spectral line, although 
nominally “ monochromatic,” has a finite width JA. In interference apparatus 
of the type of Michelson’s echelon grating (see p. 30) this limitation is 
observed as a disappearance of interference fringes when the difference of 
optical path between the two interfering beams just exceeds the value : 

2 AX 2 AX 

The width of the sodium D lines (A = 5890 A) at 100° C. is about 0*01 A. 
Thus, with either of these lines interference can be obtained with a path 

difference which is not greater than i ^ 250,000 X (one wave-length). 

2 0*01 


r-M, 


I 

I 



Fio. 13. 

The mercury vapour lamp gives a complex line A= 2536*52 A, whos 
components have width, JA = 2 X 10“^ A. 

There are many pieces of apparatus, termed interferometers, which enable 
interference fringes to be obtained with optical path differences of the order 
of a million times the wave-length. Among these may be mentioned the 
interferometers of Michelson, Jamin, and Fabry and Perot, the Lummer 
plate, and the echelon grating. 

Michelson’s interferometer is shown schematically in Fig. 13. Light from 
a slit S illuminated with monochromatic radiation is incident on a half-silvered 

♦ If, for example, I contains a whole number of wave-lengths A, it will 
contain an odd number of half wave-lengths of the radiation, A + JA when 

I ^ _ 1 
A A -f JA 2 

Thus, whenever one radiation interferes giving a minimum, the other gives a 
maximum. 


2—2 
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mirror M, where it is j)artly refracted. The linal paths of the two beams are 
elear from the figure. The mirrors and M 2 reverse the rays incident on 
them, and these rays are finally eolleeted by a telescope at E on a photographic 
plate, or in the eye of the observer. C is a eompensating glass plate, so placed 
that the two beams reflected by Mj and Mg have to traverse the same thickness 
of glass. 

The interference phenomena observed in E are of the same kind as those 
given by thin films (see p. ‘i.")). The observer sees the mirror Mj and the 
image in M of the mirror Mg, so that the arrangement is equivalent to a film, 
one face of wiiieh coincides with M^ and the other with the image of Mg. 
The whole interference effect depends on the difference of optical path of the 
two beams reflected by M^ and Mg respectively. 

The apparatus enables wave-lengths to be compared with standards of 
length, thus furnishing an absolute measure of wave-length. For this purpose 
it is only necessary to make the mirror M^ displaceable and to bring it into 
coincidence in turn with the two limiting planes of the standard of length. 
The displac(‘ment of the mirror produces a shift of the interference fringes 
from which the relation between the distance traversed by the mirror and the 
wave-length can be deduced.* 

In this way Michclson in 1893 made a direct comparison of the metre standard 
with the wave-length of the red cadmium line (A -- 01.38 - A). 

Now^adays in scientific laboratories and industrial testing rooms it is 
customary to enii)loy optical methods for controlling calibrations (the use of 
standard length gauges of high accuracy being too costly and diflieult). 
The basic principle is that the wave-lengths of known radiations represent 
standards of length which are invariable and easily reproduced in any 
laboratory. The thickness to be tested is measured with an interferometer 
and then Michelson’s result, obtained with the metre standard, is applied. 
The precision obtainable in this way is about 0 0002 mm., which is more than 
sufficient for practical purposes (in precision mechanical work minimum 
tolerances are of the order of 0*001 mrn.). 


Doppler Effect 

The whistle of a locomotive has a low'er pitch when receding from the 
listener and a higher pitch wdien approaching. A similar effect occurs with 
light waves. Given a source and an observer in relative motion, the number 
of vibrations received by the observer per second will depend on the relative 
velocity. 

Doppler in 184*2 announced this result for the acoustic case. Some years 
later Fizeau extended it to luminous vibrations. If a line in the spectrum 
of a luminous source, e,g., a star, is being observed, the effect will be a 
displacement of the line, that is, an apparent change in the frequency. 
It is clear that if the source is approaching the observer with velocity V, the 
frequency observed v' will be related to the true frequency V by the equation 



where c is the velocity of light. If the source is not moving directly towards 
the observer, but in some arbitrary direction in space, then as far as the effect 

* In practice, instead of displacing the mirror, use is made of the anterior 
specular surface of the calibrating length gauge, which takes the place of the 
mirror. 

t A similar relation is evidently true for the wave-length. 
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under discussion is concerned it is only that component of the velocity which 
is obtained by projecting on to the line observer — source, which need be taken 
into account. 

As c, the velocity of light, is enormously greater than velocities realisable 
experimentally in the laboratory, the verittcation of the Doppler-Fizeau 
principle was first obtained from astronomical observations. We shall, 
however, come across another important verification in the kinetic theory of 
gases. 

As an application of the Doppler effect we shall show how it has been 
possible to evaluate the rotation of the sun. If the spectra of the eastern 
and western extremities of the sun’s disc are photographed simultaneously 
on the same plate, the lines of the eastern extremity appear displaced towards 
the violet with respect to those of the western extremity. Using the equation 

JA_V 
A e 

and the known value of the displacement ? , it is found that the 

^ A 150, 000 

east side is approaching the earth with a velocity of about 2 km. /see. 

In this way Adams and others have been able to explore the period of 
rotation of the sun, which, strangely enough, is not constant. At high 
latitudes the sun rotates less rapidly. The sun does not rotate like a solid 
body, the equatorial regions showing with res[)eet to the remainder a marked 
acceleration. Actually the careful study of sunspots had already brought 
to light this curious state of affairs. 


Structure of the Emission Spectra of Various Sources. Spectral 
Analysis 

The spectra of the light obtained from different sources are either 
continuous — when there exists an infinite continuum of wave-lengths each 
with its aj)propriate energy — or discontinuous , that is, formed of separate 
lines, which in certain eases can be resolved into component lines by the 
itse of spectroscopes of high resolving power. 

Uiseontinuous spectra are obtained from matter in a dilute state, /.e., from 
gases and vapours. Heated solids and liquids give, in general, continuous 
spectra, as also do highly compressed gases. Tims a continuous spectrum 
is obtained for the light emitted by a lamp filament, the carbon of an electric 
are (incandescent solids) and molten metals (incandescent liquids). Oil 
lamps also give continuous spectra, the light issuing from the carbon particles 
suspended in the flame. A gas or vapour can be rendered luminous in several 
ways. A fragment of a volatile salt introduced on a platinum wire into the 
Bunsen flame imparts to the flame a colour which depends on the salt used, 
and analysis of the emitted light yields the characteristic spectrum of the 
metal contained in the salt. Everyone knows, for example, that sodium 
gives a yellow light, the spectrum of which contains two lines, very near 
together at A ™ 0*5896 micron and A — 0*5890 micron ; the salts of thallium 
give a green line, and so on. For less volatile metals we can work with the 
electric spark passed between two wires of the metal under examination, by 
the aid of an induction coil. The spectrum of iron containing an enormous 
number of lines is obtainable in this way. When the substance is a gas at 
ordinary temperatures, like oxygen, hydrogen, etc., it is made luminous by 
passing an electric discharge through a tube containing the gas at low pressure 
(a few millimetres of mercury). Thus hydrogen gives a spectrum of four lines : 
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A = 0*656 red ; A = 0*486 blue ; A = 0*435 indigo 
A = 0*410 violet (A in microns). 

The observations of Donati, Secchi and their contemporaries, on the light 
from the stars were made by direct vision, the stellar spectrum, characterised 
by absorption lines, being compared with an emission spectrum of a terrestrial 
source in the laboratory. To Vogel (Potsdam) we owe the great improvement 
in technique obtained by placing a photographic plate at the focus of the 
astronomical telescope and photographing together the stellar spectrum and 
the comparison spectrum. In this way the spectrograph had its origin, the 
photographs obtained (spectrograms) being examined with auxiliary apparatus. 
These spectrograms give us invaluable information concerning the chemical 
constitution of the stars, their temperature, radial velocity and stage of 
evolution. 

The solar spectrum has been photographed from A ~ 3,000 Angstrom 
(violet) to about A = 10,000 Angstrom in the red, and ten million lines have 
been catalogued. 

When light emitted from a solid substance, and therefore having a 
continuous spectrum, passes through a gas at a lower temperature the 
latter exerts a selective absorption. The gas absorbs the radiations which 
it is able to emit, so that in the light transmitted dark lines appear in the 
positions of the emission lines of the gas when it is self-luminous. 

On the other hand, if the gas is at a kiwtr temperature than the solid source, 
its characteristic lines are intensified. 

It is in this way that the Fraunhofer lines in the solar spectrum are produced 
by the gaseous layer of the photosphere. 

The solar spectrum, as obtained by terrestrial observers, contains the 
so-called earth lines, which are due to absorption by the earth’s atmosphere 
before the light reaches the spectroscope. Lines (grouped into bands) due 
to oxygen, water vapour and carbon dioxide, are observed in this way. The 
earth lines are distinguished from those of solar origin by their variability 
with the altitude of the sun, being more intense when the light, arriving 
horizontally, has to traverse a greater thickness of air. They are also 
recognisable from the fact of being identical whether observed at the centre 
of the sun or at the edge. In addition, they fail to show the Doppler 
displacement due to the rotation of the sun. 


The Triumphs of Spectroscopy 

We shall review briefly the achievements of spectroscopy, as an introduction 
to later developments. 

Spectroscopy has enabled the presence of a metal in a substance to be 
recognised. To this end the vapour of the substance is made luminous and 
its spectrum is examined to see if it contains the lines of the metal sought. 
This method of chemical analysis is extraordinarily sensitive, less than a 
ten thousandth of a milligramme of the substance being sufficient for the 
observation of its flame spectrum. 

Spectrum analysis made possible the discovery of the elements csesium, 
rubidium, gallium, etc., and Lockyer, in 1868, by examining the spectrum of 
the solar prominences was led to the discovery of helium. The composition 
of all the stars has been investigated. These researches were due in the first 
place to G. B. Donati (1860), and were prosecuted with great success by 
Padre Angelo Secchi (1810-78). Spectrum analysis has established the 
unity of composition of the universe. 

With the introduction of the spectroscope the Doppler-Fizeau principle 
has also proved fruitful in astronomy. Ordinary astronomical methods only 
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allow us to determine the lateral displacements of the stars on the celestial 
sphere, and tell us nothing about the motion of stars which are approaching 
or receding from the earth. The Doppler effect supplies us with a means for 
ascertaining these motions. From the lateral velocity, given by ordinary 
methods, and the radial velocity given by the Doppler-Fizeau method, the 
true velocity of the star with respect to the earth, and hence with respect 
to the solar system, can be determined.* 

Spectroscopic examination of the light emitted by the stars informs us of 
their temperatures. A simple method, based on a general principle, is to 
compare the stellar spectrum with the spectra of the various elements in 
sources of increasing temperature- — oxy-hydrogen flame, electric furnace, 
electric sparks of increasing intensity. The ratio of the intensities of two 
lines in the light emitted by the star varies with temperature according to a 
definite law, and in this way the temperature can be calculated. 

The above sketch is suificient to give an idea of the importance of 
spectroscopy, but there is yet another interesting application which opens 
up almost incredible possibilities. Spectrograms enable us to determine the 
distance away of the stars by examination of the relative intensities of the 
same line emitted by stars belonging to the same spectral class (that is, stars 
having the same surface temperature). 

Thales and Maxwell 

Thanks to Fresnel, Young, Arago and others, optics made rapid strides 
in the past century, but it was left to Maxwell (1831-79) to transform the 
science into a branch of electromagnetism. 

In the history of science the chapter on electricity is almost a blank until 
the commencement of the last century. From the Greeks at the time of 
Thales (650-540 b.c.), who knew that amber when rubbed attracted light 
bodies, we pass immediately to a.d. 1600, when Gilbert, physician to 
Queen Elizabeth, observed that glass and other substances had the same 
property. Then we come to Benjamin Franklin, who, in about 1750, advanced 
an ingenious hypothesis as to the nature of the electric fluid, which Aepinus 
modified. Who was this Carneade, who gave his name to a rudimentary 
condenser ? He was professor at the University of St. Petersburg in about 
1790. Electrotcchnics was included among his subjects of instruction, but 
we realise that he must necessarily have disposed of the subject in a very few 
lectures. 

At the time of Aepinus only electrostatics was known, that is, put briefly, 
the production of electricity by friction, the power of points, condensers, 
several frictional machines, atmospheric electricity. However, attempts had 
been made by Franklin and by Aepinus himself to co-ordinate all the facts 
then known, before Aepinus ventured to propose, by analogy with what was 
known about universal gravitation, that electrical effects varied inversely 
as the square of the distance between the bodies concerned. 

In Franklin’s theory of the electric fluid are contained the first glimmerings 
of the hypothesis of the granular structure of electricity. It is certain, 
however, that for Franklin the matter was just as obscure as in the case of 
Democritus and his speculations on the atomic theory of matter. 

As a whole, the history of electrical theory up to the end of the nineteenth 
century comprises two main periods. In the first, with which the name of 

* The first astronomer to employ this powerful method was Huggins 
(1824-1910), who in 1867 measured the displacement of the F line of hydrogen 
in the spectrum of Sirius. Twenty years later Vogel improved the precision 
of such measurements by using spectrograms, i.e,, photographs of the spectrum. 
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Coulomb is particularly associated, the essential idea is that of electric charges 
acting at a distance, in the same way as masses in gravitational theory. 
The second period commences with Faraday (1791-1867), who refused to 
admit the possibility of action at a distance, and drew attention to the medium 
through which the effects were transmitted. Faraday absolutely rejected 
the strange idea, which nobody now holds, of an instantaneous action at a 
distance, and he also rejected the hypothesis of the two electrical fluids, 
which endowed the notion of charge with concrete reality. 

The fundamental notion thus becomes the intensity of the field, a vector 
magnitude which characterises the state of the medium at each point. 
Electric charge appears only as a secondary notion, because the quantity of 
electricity carried by a body is determined solely by the number of lines of 
force which terminate on the body. It was Faraday who discovered (1831) 
the phenomenon of self-induction, that is, induction produced in a circuit 
by increasing or diminishing the current in the circuit itself. Oersted, eleven 
years previously, had observed the deflection of a magnetic needle by an 
electric current, and had shown that in the space surrounding the latter 
there exists a magnetic field. These phenomena and the laws governing them 
form the foundations of the electromagnetic theory, of which the central 
ideas were provided by Faraday, and which Maxwell rendered precise and 
developed into a mathematical theory which is one of the greatest 
achievements of the human mind. 

Maxwell (1831—1879), Hertz (1857—1894) 

An electric current in a circuit produces in the surrounding medium lines 
of magnetic forces which encircle the conductor. Furthermore, any change 
in a magnetic field in which there is a closed metallic circuit, gives rise to an 
electric current, indicating the production of an electric field whose lines of 
force encircle in like manner the magnetic force lines. Maxwell conceived 
the idea that in the absence of a conductor, in a vacuum or in any dielectric, 
variations of the magnetic field, both in intensity and in direction, generate 
electromotive forces, giving rise to what he called displacement currents. 
These displacement currents have properties similar to those of ordinary 
currents which circulate in conductors and like these produce magnetic fields 
and generate induction effects. 

For Faraday’s idea of tubes of force Maxwell substituted the more precise 
notion of flux of induction through a surface, the induction being a vector 
proportional to the field, the factor of proportionality varying according 
to the nature of the medium. The electric charge contained in a closed 
surface is defined in Maxwell’s theory simply as a magnitude proportional 
to the total flux of induction from the interior to the exterior of the surface. 

In a medium traversed by a perturbation two modifications are superposed 
characterised respectively by two vectors, the electric field E and the magnetic 
field H to which correspond the electric induction eE and the magnetic 
induction pH, The two constants e and p are termed respectively the 
dielectric constant and the permeability,* Each of the two fields involves a 
localisation of energy in the medium. The total amount of energy per unit 

volume equals the first term representing electrical, the second 

Stt Stt 

magnetic energy. Each of the fields can vary from point to point, and at a 
given point from one instant to another. Maxwell established the laws 

* These constants indicate by how many times the electric or magnetic 
force in the me<hum is reduced compared with the values which they have in 
the same circumstances in vacuo. 
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expressing the interdependence which exists between the two fields, or rather, 
between their variations in space and time. 

Expressed precisely, if we take a closed contour in space where variations 
in magnetic field are occurring, then the electromotive force generated along 
this contour is equal to the variation per unit time of the magnetic induction 
across any surface bounded by the contour. Maxwell, by a brilliant intuition, 
lighted on the law correlative to the above, the law of the displacement current. 
These two correlative relations expressed in mathematical language form 
the starting-point of the entire electromagnetic theory, the prodigious structure 
which has made Maxwell’s name immortal. Boltzmann, in the introduction 
to his book on the theory, sums up his admiration for Maxwell’s astounding 
achievement with the remark 1st es ein Gott der diese Zeichen sehrieh ? ” * 
An electromagnetic disturbance, such as is produced by imposing on an 
electric charge a rapid oscillatory motion, corresponds to the production of 
an electric field and a magnetic field at right angles to each other and to the 
direction of propagation. In addition, these two fields have intensities such 
that at a given point in vacuo they represent the same energy per unit volume. 

h^very electromagnetic disturbance is propagated in all directions with a 
definite velocity. It is easy to see that this jiropagation results directly from 
file mutual generation of the two fields, which recurs from place to place. 
The velocity of propagation depends, in virtue of the laws st.ated above 
governing the mutual generation of the two fields, upon the two cocflTicients 
€ and fjL through the relation. 


Vep 

€ == dielectric constant. 

fi = permeability. 

c — ratio between the electromagnetic and electrostatic units. 

Thus, IVIaxwell’s calculations lead to a result of immense importance ; the 
(juotient of the electromagnetic unit of current by the electrostatic unit is 
equal to the velocity of propagation of electromagnetic disturbances in vacuo. 
The intensity of a current can be measured by two different principles, based 
respectively on the quantity of electric charge transported in unit time and 
on the magnetic field created by the current in the surrounding space. To 
these two methods of measurement correspond two systems of electrical units, 
the electrostatic and the electromagnetic systems. 

A given quantity of electric charge is represented by different values in 
the two systems, and the ratio of these is not a pure number, as, for example, 
the ratio of the metre to the foot, but has the dimensions of a velocity, i,e,, 
it varies with change in the units of length and time in the same ratio as a 
velocity. 

According to Maxwell’s calculations, the ratio in question should equal the 
velocity of propagation of electromagnetic disturbances in vacuo. Before 
Maxwell had arrived at this remarkable result, direct measurements of the 
velocity of light had been made, and in 185;i W. Weber f had succeeded 

* Is it God or man who has written this ? 

f Weber and Kohlrausch measured with an electrometer the charge of a 
Leyden jar in electrostatic units, and then passed the discharge current 
through a ballistic galvanometer to determine the total quantity of electricity 
(as time integral of the current) in electromagnetic units. 

Lord Kelvin (1869) found for the ratio of the units 2-82 x 10^°, Rowland 
(1889) 2*98 X 10^®, Abraham (1890) 2-991 X 10^®, Rosa and Dorsey (1907) 
2-997 X 1010. 
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in determining the ratio of the two units of current (or of charge for which 
the ratio is the same). He had obtained a result which within the limits of 
experimental error, agreed with the velocity of light. 

Thus, not only are electromagnetic waves transverse like light waves, but 
their velocity of propagation is the same. This agreement naturally led 
Maxwell to identify the two phenomena, and to assume that light consists 
of electromagnetic waves propagated in the ether. 

What then is the ether ? The ether of space is a medium capable of assuming 
certain modifications which are termed electromagnetic fields. It differs 
from the pure space of geometry in possessing physical properties, which are 
revealed by its constants (gravitational, electric and magnetic). It is capable 
of propagating light with a definite velocity which depends on the values of 
these physical constants. 

For about twenty years Maxwell’s great work was imperfectly understood 
and appreciated by his contemporaries. It was Heaviside who transformed 
the theory into a lucid and coherent whole, divested of unnecessary 
complexities introduced by its originator. 

Maxwell’s theory was fully confirmed by the experiments initiated by Hertz 
in 1887 at the Polytechnic in Karlsruhe. These experiments were concerned 
with oscillatory discharges producing periodic electromagnetic disturbances. 
The period of oscillatory discharge depends on the experimental arrangement, 
and is equal to 27r\/LC, where C is the capacity and L the inductance of the 
circuit. Hertz succeeded in generating one metre waves, and measured their 
wave-length. He showed that these electromagnetic waves were completely 
analogous to light waves, that they had the same velocity of propagation, 
and could be reflected, refracted, polarised and made to interfere. 

After these classical experiments it proved possible to obtain waves of a 
few millimetres wave-len^h. Remembering that in the infra-red region of 
the spectrum, rays with a wave-length of half a millimetre have been observed, 
it is clear that there is no break between these and the waves produced by the 
electric discharge. 

Between ordinary light waves and the waves observed by Hertz, which 
have ten million times the wave-length, there is no discontinuity or true 
difference in quality. Electromagnetic waves, heat waves and light waves 
are the same phenomenon in different scales of frequency. Beyond the 
ultra-violet rays, with wave-lengths of four ten thousandths of a millimetre, 
come the Holweek rays and beyond these the X-rays, which by themselves 
cover a vast range. Hertz worked with waves several metres in length, but 
to-day the waves employed in radiotelegraphy are measured in kilometres. 

We shall conclude this brief sketch with a statement of Maxwell’s equations 
of the electromagnetic field. 

Equations (1) and (2) express in mathematical form the correlation of the 
two fields in space and in time to which we referred above. X, Y, Z are the 
components of the electric force, L, M, N, the components of the magnetic 
induction, wj^., Wy, the components of the velocity of the electric charge of 
density p. 

All these magnitudes are functions of position (a?, y, z) and time L c is 
the velocity of light. 

1 aL_ 0Z _ 0Y 

c dt dy dz ^ 


and two similar equations. 


and two similar equations. 


c\dt 



aN 

dy 


m 

dz 


( 2 ) 
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These six equations can also be expressed in a more condensed, vector form. 
To anyone who has not already studied the elements of the electromagnetic 
theory, these equations may present the appearance of an obscure symbolism. 
It is, however, unnecessary to be fully acquainted with the mathematical 
theory to understand the developments of the subsequent chapters. What 
is of more importance is to keep in view the essential idea underlying Maxwell’s 
theory, which is that at every point where a luminous effect or, more generally, 
radiant energy is present, there exist two orthogonal fields, one magnetic 
the other electric, and these two vectors execute harmonic variations. 

It follows from Maxwell’s theory that a well-defined relation connects the 
refractive index n of a substance with its dielectric constant e and permeability 

/i. In fact, 71= ^ and v the velocity of light in any medium is given by 

V 

v= Hence 

71 = VefjL (3) 

Since for all substances except ferromagnetics the permeability /a is very 
nearly equal to unity, we must have 

, 71 = V7. 

This relation holds good for gases, although it fails for solids or liquids for 
reasons which are well understood, but into which we cannot enter here. 

It can be deduced from Maxwell’s theory that a moving charge which does 
not move uniformly in a straight line, will radiate electromagnetic energy. 
If e is the charge, a its acceleration, it is shown that in the time dt the energy 
radiated ecjuals 

duo = \- a^di (4) 

3 c* 

If the motion is rectilinear and uniform, the acceleration is zero and no 
energy is radiated. 

For a charge in oscillatory motion on a straight line, obeying the sine law : 


x = Xq sin (2nvt + a). 


it is easy to obtain the acceleration by a double differentiation with respect 
to time. Substituting the result in (4) above, the rate of emission of radiation 
is obtained at once. The average value of the rate of emission of energy is 
given by 


dW 

dt 


3c3 




Xq = amplitude. e = oscillating charge. 

V = frequency. c = velocity of light. 


We consider now the amplitude of the luminous vector and the simple relation 
in which it stands to the luminous intensity. For linearly polarised light 
the magnetic and electric vectors lie in orthogonal planes. For example, 
the electric vector vibrates parallel to the y axis, the magnetic vector parallel 
to the z axis, the direction of propagation being along the x axis. 

In this special case Maxwell’s six equations reduce to two : — 

n 

dx c dt 


^ M ^ (2') 

dx c dt 

Since interference effects indicate that light is a periodic phenomenon, we 
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only need to consider sinusoidal variations of the vector E,,. By integration 
of (!') and (2') subject to this restriction, it is easy to establish * that E and H 
are transmitted with velocity v—cjV €/Lt, E^ assuming the form 

E,/ ~ A sin {x — vt) a 

a is the phase and is unimportant. A is the wave-length. 

Using this result and equation (!') we obtain 

H. = A sin f — (* - u/) + a 
c L ^ 

Invacuoy 1, and hence E„ = H,. Thus, in a vacuum the intensities 
c 


of the electric and magnetic iiclds arc the same. In a material medium, 
however, the ratio of these two vectors is the index of refraction of the medium 
for the light waves concerned. This follows since jj, is almost equal to unity, 
and we have 


H/ 


€V 

c 


cV 


= A/€=:=: n. 


€/X 


The magnitude A appearing in the expressions for the tw o vectors E and H is 
termed the amj)litude. The luniuwns intensity^ on the other hand, denotes the 
energy crossing unit area of the surface normal to the direction of propagation 
per unit time. The energy per unit volume we know to be 


: Xu ,, 


Stt 


+ 


Stt 


where represent time averages. 

The velocity of propagation is v, and hence the quantity of energy passing 
in unit time, /.c., the luminous intensity, is given by 

T € E^nipan + 

I —U « 


Finally, remembering that both E and H vary sinusoidally with the time, 
their mean values are respectively 


Hence, 


and 


€V A2 
c2 2 


lummous intensity 



A2 = A2 


c 

Sir 



The luminous intensity is proportional to the square of the amplitude, 

A^c A^c 

In vacuo, the intensity I is simply , and for unpolarised light . 


From (!') and (2') we obtain 

dx"^ dt^ dx'^ c 0/* 

These are the general equations of a vibrating system, which will be discussed 
in Vol. II., Chap. VIII. 
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Anomalous Dispersion 

I'o explain dispersion a model of the eonstitution of nialter, in agreement 
with the faets of observation, has been devised in whieh the atom is 
represented as a system of partieles held in equilibrium by elastic forces. 
These ar(‘ forces which hold the particle (the electron) to its equilibrium 
position with an intensity ])ro})ortional to the instantaneous displacement. 
Let m and e be respectively the mass and charge of the particle. The 
harmonic vibrations wiiich the particle executes when made to vibrate by a 
periodic field are forced by the alternating held, which in general has not the 
same period as that appropriate to the freely oscillating charge. The whole 
system is defined, knowing c and m and the constant K of the restoring force 
(K is the restoring force for unit displacement). Elementary mechanics gives 
for the period of free oscillation, 

T = 277 and, for the frequenev, =-^ ^ 

^ K ‘ 27r V f,i 

Hy calculation, the law of displacement of the charge can be found. 
Api)lying this problem to the consideration of the electrons in the atom, 
wliieh are set in vibration by light waves (sinusoidal field), the complete law 
of oscillation of the electron can be obtained. 

The displacement y is given by 

^ 

^ ‘ 47r“m(v^ — 

V is the frequency of the held E, for wiiich we have 

K = Kq cos {27Tvt + a). 

ey^Y 

If is the number of particles in unit volume, — represents the 


polarisability p,t and this is related to the dielectric constant by the simple' 
formula e = 1 + 47rp, Since the refractive index n= Ve, we are able 
finally to express the refractive index of a substance in terms of the tw^o 
frequencies v and Vq, The result obtained takes the following form : — 


71 — 




V’ 


-h ‘ 


e-:jsc 


7r77i(vQ^ -- 


(±) 


The above theory is only to be regarded as an approximation, because the 
electrical particles closely i)acked as they are in the substance -disturb 
each other’s oscillations, and hence the result (_l) is valid only for gases, and 
then only to a lirst approximation. The second term under the square root 
sign is always very small for gases, and their refractive indices are all very 
nearly equal to unity. If, however, the incident light has frerpiency v almost 
equal to the term in question can become \ery large, and the refractive 
index will then he considerably different from unity, tending theoretically to 
infinity. When wv investigate the variation of refractive index for light of 
frequency in the neighbourhood of that which an element can emit, an 
anomalous behaviour is observed to which the term anonKilous dispersion 
is applied. There is marked absorption and, in addition, the rate of change 


* Dispersion is the fact that different monochromatic radiations liave 
different refractive indices, so that a pencil of mixed light, passing from one 
medium to another, is spread out like a fan. 

t^The polarisability of a dielectric is the coefficient of proportionality 
between the electric moment per unit volume and the external field. 
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of refractive index with wave-length is very rapid on either side of the 
absorption band. There is a rapid transition from a very small value of the 
refractive index (for light of slightly lower Aq) to a very high value (for light 
of slightly higher A). (Actually the branches of the refractive index curve do 
not go to infinity for v = Vq, because the oscillators are damped.) 

The value of the refractive index, although it should tend to infinity when 
the frequency v approaches vq from below, may drop below unity when y 
exceeds that is, for light of very high frequency. Thus if, for the substances 
of which prisms for optical instruments are commonly made, the characteristic 
frequency is situated in the ultra-violet, then for very high frequencies it 
should be possible to show experimentally that the index is less than unity. 
The rays should be deviated in the sense opposite to that usually observed, 
towards the vertex of the prism instead of towards the base. 

This was found to be the case by Siegbahn in 1925, for X-rays passed 
through a prism of aluminium (Chap. VI.). 

For X-rays v is very large with respect to vq, and with sufficient accuracy 
we may write, 

^ *2,Tfniv^ 

and it is clear that the index n is less than 1. 

We shall return to this subject in Vol. II., Chap. VIII., to show^ that the 
phenomenon of refraction is also governed by quantum theory considerations. 


General Properties of Radiation 


As we have seen, it was established that the different radiations, known as 
ultra-violet rays, light rays, infra-red rays and Hertzian waves, all have the 
same character. By the end of the century to this series of^ ether vibrations 
were added X-rays and y-rays, as a result of Rontgen’s discovery and the 
discovery of radioactivity. The cosmic rays have still higher frequency. 

All these radiations are propagated in vacuo with the velocity 300,000 km. 
per second. All undergo reflection, refraction, diffraction, and can be 
polarised, in obedience to the same laws. All these rays of different types 
when incident on a body exert a pressure, which is termed the pressure of 
radiation. If they are absorbed their energy is transformed into heat. All 
give rise to interference effects, which establish their periodic character and 
enable the respective wave-lengths to be calculated. They differ only 
in frequency, each monochromatic radiation being characterised by a 
well-defined frequency value. No experiment, however, gives a direct 
measure of the frequency. It is for this reason that electromagnetic or, in a 
general sense, light waves are characterised by giving the wave-length, which 
can easily be measured, 
velocity 

Since A = fr^qy^ncy * wave-length A depends on the velocity of propagation 

which varies with the medium concerned. A is therefore defined for 
propagation in vacuo where all the radiations have the same velocity of 
propagation, the value of which is accurately known. In any other medium 
of refractive index n for a given monochromatic frequency, the velocity of 


. ^ 300,000 

propagation becomes — - — . 

The following table includes all the known electromagnetic radiations, 
classified in order of decreasing wave-length : — 
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Hertzian waves 

. Wave-length from kilometres to 1 mm. 

Infra-red 

• >» 


yy 

1 mm. to 0*75 micron. 

Visible light 

• 

ty 

yy 

0*75 micron to 0*40 micron. 

Ultra-violet . 

• 5» 

yy 

yy 

0*40 „ 018 „ 

Schumann rays 

• »» 

yy 

yy 

018 „ 012 „ 

Lyman rays 


yy 


012 „ 005 „ 

X-rays 

• >» 

yy 

yy 

5 X 10-® cm. to 5 X 10-® cm. 

y-rays . 

• »» 

yy 

less than 10-^® cm. ^ 


(1 micron = 1 thousandth of a millimetre, 1 millimicron == 1 millionth of a 
millimetre.) 


The total amount of energy transported per second in a beam of radiation 
is evaluable in watts, but the luminous flux, which is determined by the 
capacity of the radiation to produce the sensation of light, is expressed in 
lumens. The lumen is so defined that the total luminous flux from a source 
of one candle has the value 47r lumens. For light of a given colour the luminous 
flux is proportional to the flux of radiant energy, but the visibility of the 
radiation (lumens per watt) varies with the wave-length and is a maximum 
in the green. 

The illumination of a surface is given by the number of lumens incident 
per square metre, and has the value unity when the surface is distant 1 metre 
from the standard candle. 

The lambert is the unit of brightness of a surface, and has the value 1 when 
1 lumen is emitted per square cm. 

The albedo of a reflecting surface is the ratio between the total luminous 
flux reflected and that incident, and is always less than unity. 


The Pressure of Light 

Reference has been made in passing to the fact that light exerts a pressure 
on any surface on which it is incident, in the same manner as a bombardment 
of material particles. This was established almost simultaneously by Maxwell 
and Bartoli. The former based his calculation on the electromagnetic theory 
of light, while Bartoli worked from Carnot’s principle or the second law of 
thermodynamics . 

Wc shall give only the result ; the proof in any case presents no difficulty. 
The ideas involved, which thirty years ago were wrapped in obscurity, now 
appear very ordinary. Science, as it advances, clarifies and smooths away 
complexities ; results obtained originally with great difficulty yield later to 
simple and concise reasoning. 

The density of energy in the incident beam appears in the result. Every 
radiation, whether luminous to our eyes or not, is convertible into heat, 
and represents therefore energy. A totally absorbing surface receives a 
certain amount of radiational energy per unit time per square centimetre. 
As the radiation traverses in unit time 300,000 kilometres, it is clear that in 
a cylinder of one square centimetre base and 300,000 kilometres high, is 
contained the energy absorbed per unit time per unit area. Thus, dividing 
the latter quantity by 3 X 10^° we obtain the energy density. 

The pressure of light on a perfect reflector is always normal to the surface, 
and is calculated to have the value 

p = ti cos^ i 

where u is the energy density in the neighbourhood of the reflecting body, 
due both to the incident and the reflected radiation, and i is the angle of 
incidence. If the body is not perfectly reflecting, the pressure is no longer 
normal to the surface unless the radiation is itself incident normally. 
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The forces involved arc extremely small. The i)ressiire of solar radiation 
on a black absorbing surface, at midday and when the sky is clear, is only 
half a milligramme per square metre. Nevertheless, by extremely delicate 
experiments a number of physicists have succeeded in measuring the pressure 
exerted by a light beam, and have verified that it agrees in amount with the 
theoretical value. 

Although the pressure of radiation seems too small to produce appreciable 
effects, it actually determines the form of comets’ tails, and assumes extremely 
high values in the interiors of the stars, on account of the colossal temperatures 
obtaining there. 

The existence of radiation ])rcssure allows us to speak of the womentum of 
elect romofineiic radiation, and hence of the mass of radiant energy, where by 
mass is meant capacity to carry momentum. \Vc know from ordinary 
mechanics that in general for normal incidence the pressure exerted is equal 
to the momentum received per second. This momentum for radiational 
energy is contained in a cylinder of base 1 em.^ and height equal to the velocity 
of propagation. In the ease of electromagnetic waves with incident density W, 
the momentum per cm.^ G is defined by W = Ge. 


Theory of Lorentz 

Maxwell’s theory consisted primarily of a system of equations and left 
many questions unanswered. It did not elucidate the problem of the 
mechanism of light emission, took no account of the laws of electrolysis, and 
explained neither the dispersion of light nor the double refraction of crystals, 
and rotatory j)olarisation. Thus, while the laws relative to a vacuum, ?.c., 
the ether, w'ere simple and characterised by a single velocity of propagation 
equal to »300,000 km. per sec., the properties of matter proved to be much 
more complicated. The velocity of light depends on numerical coefiicients 
characteristic of the material medium, and moreover, even in the simplest 
case of sinusoidal waves, it varies with the frequency. If we are not content 
merely to introduce these cochicients into the equations, assigning to them 
values derived from experiment, and if w^e wish to penetrate more doc})Iy 
into the nature of the phenomena. Maxwell’s theory is not suflicicnt. 

It was Lorentz who made the further advance (1895) in an attcmj)t to 
interpret the interrelations of matter and ether. Lorentz assumed the 
existence — in all bodies^ — of negatively charged particles, much smaller than 
the atoms, the movements of which enable us to explain optical and electrical 
phenomena. It was an obvious step to identify the amount of their charge 
with that carried by electrolytic ions. Hence the name electrons, by which 
the particles are known. 

Insulators, or dielectrics, contain, according to Lorentz, only electrons 
hound to atoms and incapable of being detached therefrom. When, under 
the action of an external electric field, these bound electrons are displaced, 
a force is called into play which tends to oppose the motion and limits the 
amount of displacement. Immediately the electric field is removed the 
electrons resume their normal positions. 

In addition to the bound electrons, metals contain free electrons which move 
about in the inter-atomic space at random like the molecules of a gas. 

The principal properties of metals .are interpreted without difficulty on 
this hyjjothesis, c.g., their thermal and electrical conductivities arc explained. 
An electric current in a conductor is a flow of particles set in motion in a 
particular direction by an electromotive force which is superposed on the 
disorganised motion of the particles in the absence of a field. 

The conductivity of a metal, electrical or thermal, is increased the more 
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free electrons there are, the greater their velocities and the longer the mean 
free path between consecutive collisions with atoms. The energy transmitted 
to the atoms against which the electrons collide, is the cause of the heat 
generated in the passage of the current. The kinetic energy of the electrons, 
like that of the atoms, increases with temperature, and we can understand 
therefore the observed parallelism between electrical and thermal 
conductivity, the metals which are good conductors of electricity being, as a 
rule, those which best transmit heat. 

The theory enabled derivations to be made of various quantitative laws, 
such as those of Ohm and Joule, relating to the resistance to current flow 
and the heat developed, and the empirical relation of Wiedemann and Franz, 
according to which the ratio of the thermal to the electrical conductivity at 
a given temperature is the same for all metals, the value of the ratio being 
proportional to the absolute temperature. 

Each electron in its path may be regarded as a current. The magnetic 
field, in the space surrounding a conductor, is the sum of the magnetic fields 
due to these elementary convection currents. Thus, an external magnetic 
field acts on the metal through the intermediary of its free electrons. The 
trajectory of each electron is deviated, with the result that a certain difference 
of jiotential appears between one pair of opposite sides of a rectangular plate 
when a current is passed between the other pair. (Hall effect) 

If tlie thermal agitation of the electrical particles in the metal is sufficiently 
violent, the electrons may be ejected. Thus, at high temperatures electron 
emission becomes appreciable. This is the Edison ^fect. 

Without entering into further details, we may say that the theory gave 
excellent qualitative results and explained many phenomena in general terms. 
However, difliculties were met with in attempting to obtain numerical 
verification. For example, the Wiedemann-Franz law no longer holds, even 
approximately, at low temperatures, and the theory was impotent to provide 
an explanation. Uecently a great iinjirovemcnt has been effected in the 
theory, to which we shall return in Vol. II., Chap. IX. 
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THE KINETIC THEORY OF GASES 

The Internal Structure of Gases 

A GAS is considered to be composed of a very large number of 
independent particles, moving freely within the vessel containing 
the gas. 

It is assumed, as a first approximation, that these particles are 
spherical in shape and have equal masses, and that their total 
volume is negligible in comparison with that of the containing 
vessel ; they are corpuscles situated in a free space which is of 
enormous size in comparison with their dimensions. 

In a gas the molecules move almost entirely as a result of their 
action on one another, cohesion being very small or absent and the 
movements being practically in straight lines and undeflected 
except by the continual impacts which each molecule undergoes, 
either by collision with other molecules, or by contact with the 
walls of the containing vessel.* 

The theory of matter in the gaseous state is therefore easier to 
develop than that of the other states on account of the absence of 
the forces of cohesion which play an essential part in solids and 
liquids ; further, the fact that the distances between the molecules 
are large compared with molecular dimensions brings about — ^both 
in the theory and in the calculations based upon it — important 
simplifications which are the more justifiable the smaller the 
degree of compression of the gas, i,e., the more closely the state 

* According to modern theories, which have not yet been applied in detail 
to the theory of gases, this conception of the impacts as true collisions between 
elastic spheres has not much meaning, because the molecules, consisting of 
particles electrically charged, repel each other, and an encounter between 
them is only an approach sufficiently close to bring into play repulsive forces 
of electrical origin. 
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considered approaches that of a perfect gas which obeys the ideal 
laws of Boyle and of Gay-Lussac. 

It has been shown experimentally that gases have weight, that 
they dilate to fill the whole of the space open to them, and that 
they are compressed as the pressure to which they arc subjected 
is increased. From these known facts a model of a gas can be 
constructed, and Daniel Bernouilli in 1738 showed that a system 
of minute particles at great distances from each other, having 
weight and endowed with high velocities in all directions, gave a 
theoretical basis for the Boyle-Mariotte law, as, indeed, is almost 
self-evident. 

To Bernouilli’s original conception there were added, a century 
later, the experimental studies of Volta, of Joule (1848), of Kronig 
(1856), and of Clausius (1857). Finally Maxwell (1859), the great 
mathematician, was induced by the study of Saturn’s rings to 
consider the kinetics of gases, and so to give the complete analytical 
theory of the subject. Some slight uncertainties and imperfections 
remained to be removed, and a number of eminent physicists 
applied themselves to the task, the most eminent among them 
being Boltzmann, Kirchhoff, Van der Waals, Jeans, Lorentz and 
Lord Rayleigh, all of them worthy successors in the prosecution 
of Maxwell’s work. 


Distribution of Velocities in the Molecular Random 
Arrangement 

The molecules composing a gas are considered, then, as material 
particles all equal, rigid and perfectly elastic ; their dimensions 
are extremely small and negligible compared with the distances 
between them ; there is no sensible force of cohesion between 
them, and they do not, therefore, act on one another except by 
mutual impact. The movements of these particles continue to 
be uniform and in a straight line until they come sufficiently close 
to be deflected by their mutual action or by impact ; at the 
instant at which an accidental collision takes place, the velocities 
of the particles concerned undergo sudden changes both in 
magnitude and direction. 
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All the trajectories must, then, be represented as irregularly 
broken lines, each element being praetieally straight. 

The form and the structural details of the molecules naturally 
depend on the chemical nature of the gas under consideration ; 
in a gaseous mixture the molecules will be of two or more kinds ; 
the translatory movement, moreover, does not — in general — 
exclude movements of the molecule about its centre of gravity oi* 
internal movements of the various parts of a single molecule with 
respect to one another. 

When a gas enclosed in a motionless vessel which is maintained 
at a uniform temperature is left to itself, it takes up a steady state 
and in this condition equal volumes contain equal numbers of 
molecules ; such minute fluctuations of density as there may be are 
quite inappreciable if we consider a volume of the order of one 
cubic centimetre, although they may, perhaps, be just appreciable, 
as we shall see, in a cubic micron. If n^ be that number of 
molecules which will occupy a certain volume when the whole 
vessel has acquired a uniform distribution, and if n be the actual 
number of those which at a certain instant are to be found within 

that volume, the fluetuation is equal to the ratio -- ® whieh is 

«o 

variable from one instant to another according to the law of 
probability. 

The molecules which at any given instant occupy any small 
volume, e.g., a millimetre cube, have velocities in all directions, in 
all senses and of every magnitude ; there is no direction Jiiorc 
favoured than any other ; and all this is independent of the 
position of the small volume which may be mentally selec-ted 
within the containing vessel. 

The conception just described may be otherwise expressed, e.g., 
it may be said that, for any given portion of the gas, the number 
of molecules with a certain velocity in any given direction is 
practically equal to the number having the same velocity but in 
the opposite direction. 

The gas is, then, in a state of random molecular arrangement. 

So far there is no difficulty ; the mathematical difficulties of the 
problem, as Maxwell stated them, arise immediately we propose to 
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discuss the law according to which the velocities of the molecules, 
at first sight distributed at random and entirely without order, 
may be grouped. Let us see how this conception may be made 
clearer. If wc wish to calculate the total kinetic energy of all the 
molecules, w'e must find the sum of the values of for all the 
molecules, and this sum may be expressed as where M is the 

total mass of the gas, and is the mean of the squares of the 
velocities of all the individual molecules. 

Now, it is true that all the velocities differ among themselves 
and it is equally true that they vary from one instant to another, 
but if this velocity is, say, 600 metres per second, how many 
molecules, out of 100,000, will have velocities lying between 
610 and 605 m./sec., how many between 600 and 595, how many 
between 595 and 590, and so on ? In short, is there a law of 
distribution of velocities, and, if so, what is it ? 

The credit for its discovery is due to Maxwell ; Boltzmann gave 
further proofs, elaborating and perfecting Maxwell’s method ; 
this law is tlie foundation stone of that important part of physical 
science, the kinetic tlieory of gases ; kinetics then became what 
we now recognise it to be, viz., the first step towards the study of 
the atom. 

Maxwell’s Law 

An example will be useful in making matters clear to the 
student. A marksman wishes to hit the middle point of a rod 
fixed vertically in the ground, this point being marked by means 
of a line at the height H, He fires 1,000 shots and then makes 
an analysis of his shots and notes all their distances from the 
mark ; there will be 500 within the interval between 10 cm. above 
and below the mark, 325 in the next interval of one decimetre, and 
so on. The shots cluster in the neighbourhood of the mark, the 
heights tend to the fixed value AT, and each shot which goes 
“ high ” has its counterpart in one which is correspondingly low. 

Statistical analysis has shown that there is a law governing this 
distribution, so that if the same marksman repeats the trial of the 
thousand shots and makes the same analysis as before, he finds 
the same numbers again, neglecting small differences. What 
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happens if a less skilful marksman repeats the trial ? All the shots 
go wider of the mark ; but they are known to spread according 
to a certain law ; they are less concentrated, but again their 
arrangement is in accordance with a law of distribution. In 
short, we have to do with the problem of errors of measurement, 
as it is met with in all cases of the determination of any quantity 
(angle, distance, temperature, ete.). 

Maxwell showed that when the state of thermal equilibrium 
was reached, the magnitudes of the molecular velocities were 
distributed according to a law which is not affected any 
more by the subsequent molecular collisions. Let three mutually 
perpendicular directions be taken as axes of reference, and let n 
be the number of molecules per cubie em. The number, dn, of 
these whieh have component veloeities lying respectively between 
tt, V, w and {u + du), (v + dv), {w + dw) will be 

dn = n .f{u, V, w) du . dv . dw. 

The law of distribution of velocities is known as soon as the 
form of the function / is given. 

Let us for the present pass over the calculations in order not to 
interrupt the progress of the argument, and say at once that 
Maxwell found : 

dn = n e" *”* du dv dw . . (1) 

where A is a constant, 

m is the mass ot one molecule, 
e is the base of naperian logarithms = 2'7188.* 

The expression (1) seems very eomplicated, but it is not so in 
reality, as can be demonstrated at once. It contains, necessarily, 
a constant of the form hm, since for any given gas all the velocities 
vary with the temperature ; thus the number of molecules included 
in a given interval, defined by du dv dw, is not always the same ; 
as an illustration, if an angle is measured by means of two 

* The quantity e is the limiting value, when n = « , of the expression 
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instruments having different degrees of precision, the percentage 
of measurements which have errors lying within a given interval 
is different in the two cases. The meaning of the constant h will 
be described a little later on. 

This expression (1) is homogeneous, i.e., symmetrical with 
respect to the velocities u, v, w ; the component velocities are 
distributed equally among the three axes. 

The question may now be asked, what number of molecules, 
from among the n contained within a cubic centimetre, have 
velocities of which the ^-components lie between the limits u and 
(m -}- du) all other considerations being ignored ? 

This number is, clearly, 

drii = n W *”* “* dw (2) 

’ TT 

Actually, (1) may be derived from (2) by postulating three 
simultaneous conditions for the velocity of a molecule, viz., that 
the component of the velocity along the a!-axis shall lie between u 
and {u -f du), that the second velocity component shall lie between 
V and (v -j- dv), and similarly for the third component. Since the 
probability of a combination of conditions being fulfilled 
simultaneously is the product of the respective probabilities of 
the various conditions being fulfilled separately, it will be seen 
that (1) is really consequent on (2). 

The expression (2) is, however, that found by Gauss for errors 
of measurement, it is simply the law of errors ; the two problems 
are identical and are subject to the law of probability. 

This well-known law of Gauss (1777-1855) gives the probability 
of the occurrence of an error A in the observational determination 
of any quantity. 

K 

Probability of error : —j=- e~ dA 

Vrr 

It will be seen that a constant K appears in this expression ; it 
can be shown that this constant is related to the mean error by 
the simple expression : 
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— ~ mean error.* 

K\/2 


The constant /c, which increases as the mean error decreases, is 
thus a measure of the degree of precision. It is clear, too, that this 
degree of precision should appear in the law of probability of error. 
It is common experience that an old and worn theodolite gives 
values of less preeision than a new and modern instrument, and 
that a Mannlicher rifle gives more accurate shooting than an old 
and out-of-date rifle. The spread of shots is familiar to gunners, 
and they study the grouping on a target. 

It is now possible to advance another step in the application of 
this law. If it be desired to calculate the number of molecules 


having velocities lying between the absolute values c and {c -|- dc) 
independently of direction, it is necessary, to use (1) and to put 

= C^. 

Now let the velocity c of one molecule, from among the n 
molecules situated in a cubic centimetre, be represented by a point 
of which the co-ordinates are equal to the projections u, v and w of 
the velocity ; this gives a so-called point of velocity ; the product 
du . dv . dw then represents an clement of volume, and (1) shows 
that the number of molecules per cubic cm. for which the 
representative point lies within the element of volume du.dv.dw 



hm c* 


du dv dw. 


Given this result, in order to obtain the number of molecules 
having velocities between c and (c + dc)y it is necessary to sum 
all the groups dn which lie within the spherical shell bounded by 
the two spheres of radii c and {c + dc). This sum is found by 
integrating and we have : 

number of molecules whose velocities lie between c and (c + dc) 




c^dc 



* It is to be noticed that the mean error is \/ i.e., it is defined as the 

V ri 


square root of the mean of the squares qf the errors. 
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Finally, if the product dn.c® be found for all values of c from 
zero to infinity, the result may be equated to the product nC^, i.e., 
the total number of molecules multiplied by the mean square of 
the molecular velocities ; this sipiarc as will be shown presently, 
is of great importance. As a result of this process it is found that 


1 f* 

C2 = - I c^dn 

n Jo 


8 

2hm 


• (4) 


This quantity C must not be confused with the mean of all the 
instantaneous velocities of the n molecules, i.e., 

> 

n 

this latter quantity is called the mean velocity and is obtained by 
the ordinary process of finding the arithmetic mean, i.e., by 
multiplying each velocity c by the number of molecules which 
have that velocity, as found from (3), and then dividing the sum 
of the products by n ; in this way is found that : 

1 2 

the mean velocity u = - 1 c dn = (5) 

n J 0 V irhm 

The fact that these two quantities v and C are not the same can 
easily be seen by considering the case of several numbers, e.g., 2, 
4, 0, 1, 2, 5, 0, the arithmetic mean of which, 2, is not the same as 

. /22 + 42 + 02 + 12 + 22 + 52 -f 02 . 

the value of the expression y 

In the case of the molecular velocities, the two quantities — one 
the mean properly so called, v, and the other, C, defined as the 
square root of the mean of the squares — are connected by the 
relation 



At this point it is desirable to make a remark ; the reader will 
not have failed to notice that in Maxwell’s expression (2) and in 
those which have been derived from it so far, the product hm 
always appears, and, in fact, takes the place of the constant K* in 
Gauss’s law ; but why is not this product hm replaced by a single 
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symbol, and why is the mass of the molecule retained ? The 
answer will be clear when it has been shown that h is equal for all 
gases and that it is connected with the temperature by the simple 
relationship of inverse proportionality. 

Calculation of the Velocity G in Terms of the Pressure and 
Density of the Gas 

Let it be assumed that the pressure exerted by a gas is the 
result of the incessant impacts of the molecules on the walls of the 
vessel ; in order to determine the pressure it is only necessary to 
calculate the steady force experienced by each unit area of a rigid 
wall uniformly bombarded by a shower of projectiles which move 
in parallel paths with equal velocities and which are reflected from 
this wall without loss or gain of energy. 

The molecules of mass m, and moving with a velocity u 
perpendicular to the walls, are elastic, so that the direction of 
their motion is reversed after the impact ; the effect, therefore, is 
double what it would be if they were inelastic. 

Bearing this in mind, and remembering that F.t = m.u (the 
impulse of a force F acting for a time t is equal to the change of 
momentum mu) let us consider a cube of one centimetre-side (in 
order to fix our ideas). This cube contains molecules having 
velocities u along the X-axis : a molecule of mass m strikes that 

u 

side of the cube which is normal to the X-axis at the rate of - 

u 

impacts per second, and so loses momentum equal to 2 mu X - » 

dU 

for all the n molecules contained in the cube the total momentum 
lost is therefore nmuK 

But this momentum is the gas pressure p. Thus 

1 

p = nwiM* = -nm C* (6) 

O 

We may write - C* instead of w®, as in the above equation, since in 
an actual gas the molecules have different component velocities, 



THE GAS LAWS 


59 


and in summing the terms it is necessary to introduce the mean 
square of the u components, which is clearly equal to one-third 
of C2. 

Finally, if nm be the density, i.e., the mass of unit volume, then : 

1 1 

pressure p = - nm C* = - C^d .... (6a) 

where d is the absolute density. 

This equation is very important. It shows that if the pressure 
of a gas and its density be known, it is at once possible to obtain 
the mean square of the molecular velocities, i.e., all that is necessary 
in order to solve to a first approximation every problem in the 
kinetic theory. 

It is to be noticed that the foregoing proof is completely 
independent of the particular form of the law of distribution of 
velocities. 

Gas Laws for a Perfect Gas. — The Absolute Temperature is 
proportional to the Molecular Energy 

A perfect gas is one which is infinitely expanded so that the 
molecules do not exert any appreciable influence on one another 
except at the instant of collision. 

It is well known that from the laws of Boyle and of Gay-Lussac 
the following equation of the gaseous state can de deduced ; 

pV = RT (7) 

T is the absolute temperature, the zero of which is at — 278° C. ; 
p and V are respectively the pressure and the volume occupied 
by a given mass of gas. Equation (7) expresses the facts that 
when the temperature is constant the volume of the gas is inversely 
proportional to the pressure, and that the volume is proportional 
to the absolute temperature. R is a constant, and it is to be 
noticed that if for each gas the quantity considered is proportional 
to the molecular weight, R is the same in every case, since for 
every gas such a quantity, containing an equal number of molecules, 
has the same volume if measured at the same temperature and 
pressure ; this is an inverse application of Avogadro’s hypothesis. 
Thus R is a universal constant, and on the C.G.S. system is equal 
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to 8*31 X 10^. This value can be at once deduced from the fact 
that the gramme-molecule of every gas under atmospheric pressure 
and at the temperature of melting ice (T — 273°) has a volume of 
22,400 C.C., so that the three quantities necessary to calculate R are 
given. 

To connect the idea of temperature with the total kinetic energy 
it is only necessary to combine (6a) with (7). The former, applied 


to the mass M of the gramme-molecule, shows that pV ~ 



while (7) gives simply the value of pV ; equating tlicse two values 
of the product pV gives : 

Aotal kinetic energy of the gramme-molecule 


2 2 


(H) 


i.e., the total energy of translation in a gramme- molecule is the same 
for all gases at the same temperature. 

At the temperature of melting ice this total energy is 2t X 10^ 
ergs ; this shows the enormous reserve of energy which is 
represented by the molecular movements. There is also available 
now the information necessary for calculating the velocity C, and 
hence, if desired, the mean velocity. At a given temperature, 
since the product MC^ is constant, the velocities arc inversely 
proportional to the square roots of the molecular weights ; the 
molecule of oxygen, which is sixteen times as heavy as hydrogen, 
travels at one-quarter of the speed. 


Molecular Velocities in Metres per second 


Gas. 

Velocity (', 

Velocity r (mean velocity). 

Hydrogen . 

1,838 metres/sec. 

] ,693 metrcs/sec. 

Helium 

1,307 

>> 

1,204 

Nitrogen . 

493 

>> 

454 

Oxygen 

461 


425 

Carbon dioxide . 

393 

>> 

362 
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Mixtures of Gases. Equipartition of Energy 

Wc liave seen that any two grainmc-molecules in the gaseous state, 
when at the same temperature, have the same amount of molecular 

3 

energy of translation, viz.,- RT. Now on Avogadro’s hypothesis, 

2 

these two masses both contain the same number of moleeules ; the 
molecules of the various gases have, therefore, tlie same mean 
energy of traiislation at the same temperature : 

3 R ^ 

2N 


The constant — is called BoltzmanrVs constant^ and has the value 
N 


13*7 X 10 “^'7. In what follows it will be indicated by k. 

If equal vohunes V of two gases at the temperature T be mixed, 
and if the mixture occupy the volume 2V the kinetic energies arc 
added, the pressure remains unchanged, each gas exerting that 
])ressure whieli it would exert if it were alone, and the temperature 
is also unaltered. 

We may then conclude that in any gaseous mixture the various 
kinds of molecules possess the same mean kinetic energy ; the 
small moleeules move more rapidly than the heavy ones as, 
indeed, appears self-evident. 

This result is a particular case of the well-known principle of 
equipartition of kinetic energy to which wc shall return. 

We know that solutions — which arc in every respect similar 
to gases — obey the same laws ; the molecule, whether it be 


heavy or light, has a mean kinetic energy equal to 


2N 


We 


shall see later that the validity of the principle has been verified 
also for large particles in suspension in colloidal emulsions. 


The meaning of the Constant h in Maxwell’s Law 

Wc will now return to the results deduced from our consideration 
of Maxwell’s law of the distribution of velocities (see p. 55). 

It has been found that the number dn^ of molecules which, out 
of the n contained in a cubic centimetre, have a component 
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velocity (measured along a given axis) lying between u and 
(tt + du) is 




= n 



hmu* 


du 


and it has been shown that the mean square of all the velocities 

is C* = -1- . 

2hm 


Thus the mean kinetic energy of a molecule is 


toC2 _ 8 RT 
~2 2 1 ^' 


where N is the number of molecules in a gramme-molecide and is 
known to be the same for all gases. 

1 R 

Thus it follows at once that — = - T. This result is of great 

2A N 

interest since it shows that for gases the constant h has always 
the same value. It is, therefore, a universal constant. The 
temperature of a gas may thus be defined on the basis of the kinetic 
theory by the following formula : 


mC2 


2 

a being the same for all gases. 


aT = 


8 

ik 


Number of Molecules per second striking one Square 
Centimetre of the Walls 

Since Maxwell’s law of distribution of velocities is independent 
of the orientation of the axes of reference, the axis of X may be 
taken in the direction of the normal to the walls at a point. In an 
elementary cube 1 cm. high and having one square centimetre of 
the wall as base, the number of molecules which have velocities 
lying between u and {u + du) is dn^ and the number of impacts 
due to them is udn. ; the total number of impacts is therefore 

rCD 

I uAn^ 

Integrating, it is found that : 

The number of molecules striking one square centimetre of the walls 
per second is 
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poo 

1 udriy^ = 

J n 


n 


nC 


2\/ Trhm y/ 67 


nv 

4 


An application of this important result will follow shortly, 


Flow from Small Orifices 


The values of the molecular velocities as given by the kinetic 
theory had not been verified by direct measurement until a few 
years ago, but the phenomenon of the fiow from small orifices, 
which will now be considered, has lately afforded a valuable 
confirmation of the theory. 

The flow of a gas is imagined to take place into a vacuum 
through a small aperture produced by the sudden removal of an 
element of the wall ; it is assumed that the molecules which 
originally struck this part of the wall now disappear through the 
hole ; the amount of the flow is equal to the product of the mean 
velocity and the density. 

The velocity assumed must, it is clear, be the component 
velocity perpendicular to the opening ; this component is governed 
by Maxwell’s law of distribution, and out of every n molecules the 
number dn having a velocity, perpendicular to the hole, lying 
between the limits u and (tt + du) is 


dn 


jhm 

= wW_ e 

” TT 




To find the mean velocity this expression is integrated between 
the limits zero and infinity, and it is found that the mass passing 
out is the same as it would be if all the molecules issued with a 
1 

velocity - v ; this is proportional to C, since C and the mean 

velocity v are connected by means of the simple relationship 
already given : 

V = CyJ — V 
V Sn 

mC® 

Since, then, the mean momentum of a molecule, is 

A 

proportional to the absolute temperature and is the same for all 
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gases at the same temperature, there follows the important result 
that for different gases at the same temperature the veloeities of 
outflow are inversely proportional to the square roots of the 
moleeular weights. 

This law was strikingly eonfirmed by Gi’aharn’s experiments 
published in 1846, in which various gases flowed through a brass 
sheet piereed with a hole. 

Hydrogen, whieh is sixteen times as light as oxygen, ])asscs 
through such a hole four times as fast as the latter gas. 

It is clear that once this law has been established it can be used 
to determine unknown moleeular weights by comparison with a 
gas of known molecular weight. 

The Breadth of Spectral Lines 

We have seen how the flow of a gas through small apertures 
gives the ratio between the molecular velocities, and hence enables 
the results of the kinetic theory to be vei’ified with certainty. 

A further valuable verification is provided by a phenomenon — 
that of the broadening of spectral lines — whieh gives the moleeidar 
velocity by a method independent of any knowledge of the 
pressure, and this, moreover, in absolute value and not simply in 
relative measure. 

It is well known that the electric spark causes a rarefied gas to 
glow ; when examined by means of the spectroscope the light 
emitted from Geissler tubes is resolved into fine lines each 
corresponding with a homogeneous light ; thus, for example, 
such a term as “ the helium line ” of wave-length 5876 Angstrom 
units is used. 

If now a suitable spectroscope (an interferometer) be used, it is 
always found that these lines have a certain breadth, showing that 
they do not correspond to strietly monochromatic light. This is 
what Lord Rayleigh predicted as a result of applying the 
well-known principle due to Doppler. 

The proof of this prediction is not possible in the laboratory 
because no velocities are available which are not negligible in 
comparison with the velocity of light ; Doppler’s effect depends 
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on the ratio i.e., the ratio of the velocity of the light source to 
c 

that of light itself. This fraction is not, however, negligible for an 
atom which vibrates in the line of sight with a velocity of the 
order of 200 metres per second ; it is true that the atoms do not 
vibrate only in the direction of the line of sight, but in all possible 
directions ; those which move in a direction normal to the line of 
sight do not give a Doppler effect ; the others give rise to a 
broadening of the spectral lines if the spectroscope has a sufficiently 
high resolving power. ^ 


— 1^2 

The maximum change of frequency is - — — , where Vg is the 

altered frequency, the original frequency, and vq the mean 
frequency ; the semi-breadth of the spectral line is, on the scale 
of wave-lengths : 



c = velocity of light, 


Aq being the wave-length of the original monochromatic light. 


For example, if - be wave-length is both increased 

and decreased by jqq qqq value. We shall now see how 

these considerations may be made use of for determining an atomic 
weight by the examination of interference fringes. 

It is well known that one musical sound superposed on another 
may produce silence at any point where the two differ in phase by 
lialf a wave-length ; similarly, light added to light may produce 
darkness by interference. 

When the light used is strictly monochromatic, an interferometer 
will give interference fringes when the difference of path for the 
two rays is half a wave-length or a multiple of this and, as is 
well known, these fringes will be quite sharp whatever the difference 
of path, whether it be 100,000 half wave-lengths or 200,000. 

Fringes are obtained because at the various points on a given 
plane there are superposed rays which differ in phase by a 
wave-length (producing light), or by half a wave-length (producing 

3 
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darkness), or by a fraction of a wave-lengtli (producing light of 
modified intensity), and, as tliese conditions follow one another 
in regular order, the result is a succession of alternately dark and 
light fringes. 

Examination of a spectral line from a Geissler tube — particularly 
that emitted from the luminous capillary portion — would show 
that the light was strictly monochromatic were it not for the 
random vibrations which it undergoes ; actually, however, with a 
spectroscope of sufficient resolving power a line is found to have 
a certain finite breadth. Hence, with an interferometer, the 
visibility of the interference fringes will depend on the length of 
path of the interfering rays because of the superposition of the 
effects due to different parts of the spectral line employed. If the 
difference of path be sufficiently great it is found that the lines 
finally become confused and cease to be visible. 

A numerical example will show better what is meant. If the 

mean velocity of the vibrating atoms be ^^e velocity of 

2 

light, the line has a breadth of already stated. If two 

rays, the homogeneity of which does not exceed this amount, 
interfere in a given plane, the definition of the interference fringes 
given by the apparatus is reduced as the path difference of the 
two interfering rays is increased. Although the definition may still 
be good at 10,000 or at 20,000 wave-lengths, when the difference 
of path reaches 50,000 wave-lengths the fringes cease to be visible, 
since, although the central radiations are in opposite phases at a 
given point in the plane, and would give a dark line in the 
interference pattern, the side radiations are in the same phase at this 
point. In general, therefore, the limit of visibility is reached at a 
c 

path difference p ^ and from that point onwards the fringes 

cease to appear and the field of view has a uniform brightness. 

This gives the relation between the breadth of the spectral line, 
the limit of visibility of the fringes and the mean velocity of the 
vibrating molecule. Since this velocity can be expressed in terms 
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of the temperature, it is only necessary now to note that the mean 

/SRT 
nty = y 


velocity 


ttM’ 
where M 
R 
T 


mass of the gram-molecule 

the gas constant 

absolute temperature. 

c /M 

Thus the limiting order of interference p = ~ = (1*03 x 10®)\/ — , 

AV Y X 


and since, as was explained above. 


Ao 


V 

c 


it follows that , — 

i = ( 4.85 X 10 - 

where e is the halt-width of the spectral line. 

We have so far followed an inexact line of reasoning in that we 
have assumed that the velocities of the vibrating particles arc 
all equal ; actually these velocities are distributed according to 
Maxwell’s law ; the breadth of the spectral line produced — and 
hence the limiting order of interference visible — is affected by 
this ; a more rigid analysis of the phenomenon leads to a slight 
correction, viz., to the equation 

/itr 

p = ( 1-22 X 


Accurate experiments were made with the monatomic rare gases 
of the atmosphere (helium, neon and krypton) using Geissler tubes 
immersed in a batli of liquid so that the temperature T might be 
known accurately, and then immersed in liquid air ; it was found 
(Fabry and Buisson) that 


Atomic Weight. 

Wave-length 

(Angstrdm). 

Ordinary temperature. 

In liquid air. 

p-observed. 

p-observod. 

p-calculated. 

Helium 4 

5,876 

144,000 

144,000 

241,000 

Neon 20 

5,852 

324,000 

321,000 

515,000 

Krypton 83 . 

5,570 

600,000 

597,000 

950,000 


♦ 




and JMC* 


RT. 


3—a 
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The agreement between the values predicted on the theory and 
those found for p by experiment is perfect. 

It is to be noted in passing that for a Geissler tube immersed in 
liquid air, the line due to krypton gives interference fringes which 
are still visible when the path difference is of the order of a million 
wave-lengths, i.e.^ up to 53 cm. 

The law connecting the limit of interference with the absolute 
temperature is also verified, for it is evident that p varies inversely 
as VT ; actually it is found that on going from room temperature 
(T = 290) to the temperature of liquid air (T = 92) the limit of 
visibility is increased approximately in the ratio 1*70. 

The effect of cooling on the breadth of the spectral lines is very 
striking ; when, with the tube at normal temperature, the limit 
of interference has been reached, the fringes reappear brilliantly 
when the tube is immersed in liquid air. 

The atomic weight of the luminous particles — if this is unknown 
— ^may be obtained from a knowledge of the breadth of the 
spectral lines ; in the case of a gas of which the molecules are 
monatomic (mercury, cadmium, helium, neon, krypton), the 
weight of the particles is, as in the ease of the examples above, 
equal to the atomic weight. 

In the case of monatomic gases this result is not unexpected, 
but it is found that for gases with two atoms to the molecule, and 
for compounds as well, the mass of the luminous particles is not 
that of the molecule, but that of the atom. 

In conclusion, it may be said, then, that the study of the breadth 
of spectral lines provides a beautiful confirmation of the kinetic 
theory of gases. It is a marvellous thing to realise that the 
breadth of a spectral line enables us to determine both the velocity 
of a star relative to our world and equally the atomic weight of 
the atom from which the spectral line is emitted. 

Buisson, Fabry and Bourget have used the expression 


P 


/m 

(1-22 X 10®)y ~ to estimate the temperature of the nebulae 


from observations of the interference obtained from a spectral 
line ; this method would give for the nebula in Orion, using the 
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hydrogen line H, a temperature of about 15,000° ; actually this 
is an upper limit, for there are other causes which may give rise- 
to a broadening of the speetral lines. 

The Direct Verification of the Molecular Velocities 

We have so far had two proofs of the kinetic theory, both ol' 
them indirect proofs, but Professor Otto Stern at Frankfort in 
1920 * suceecded in obtaining a direct verification of molecular 
velocities by means of his atomic rays. 

We will give a brief description of his work ; further details will 
be found in the Zeitschrift fur Physik {loc. cit.),* where the authoi’ 
has himself described the experiments. 

In a very highly evacuated vessel he places a small quantity of 
silver which is brought to a high temperature (over 1,000° to 
vaporise it ; the melting-point of silver is 961°). 

As the vacuum in the vessel is a very high one, the atoms can 
travel freely without colliding, and if they escape from a very small 
aperture it can be assumed that they emerge with the velocity 
which gas molecules of the same mass would have at that 
temperature. These atomic rays were first thought of by 
Dunoyer in 1911. 

The kinetic theory shows that the mean square of the velocity 
of emergence, C^, is given by the equation 

1 3R 
-MC2 = -^T, 

2 2N ’ 

from which it follows that 

/SRT /T 

C = V = 157-9 V — 

> NM ^ M 

in metres per second. 

Imagine, now, a fine pencil of such atomic rays, limited by 
suitable openings situated practically on the axis of a rotating 
cylinder of radius I, and let v be the frequency of rotation of the 
cylinder, which is evacuated ; the atomic rays which originally 
struck the surface of the cylinder along a certain generating line 

* See Zeita.fUr Physik, 2, p. 49, 1920 ; 3, p. 417, 1920. 
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will now trace out another line parallel to this generating line but 
displaced from it by a distance s, since during the time that they 
are travelling towards the wall after they have emerged from the 
slit the cylinder rotates ; the angle 2iivt is described in the time t 

I 

during which the atoms traverse the distance so that we have : 

I Z® 

s = 2itvI X t = 2'itvI X — = 2itv ~* 

c c 


The values of I, v, and s are known ; s is found by measuring the 
displacement of the streak formed by the deposit of silver, and 
hence C may be calculated. As an example, if I is 10 cm, and the 
velocity C is 500 metres per second, when the cylinder rotates at 
about 50 revolutions per second, the displacement is 6 mm. This 
is not too small a quantity. 

At a temperature of 1,200°, the theory gives a value of 584 metres 
per second for the velocity of the atoms, and Stern obtained 
about 590. 

We have given only a general idea of the method and the 
apparatus, which are, in reality, much more complicated. Actually 
the velocities of emergence of the atoms are not all the same but 
vary over a wide range, so that the silver deposit obtained is not a 
line but a band or streak ; thus the calculations are based on the 
most probable velocity, which is the velocity corresponding to the 
maximum density of the deposit ; it may be shown by calculation 

/2 

that this most probable velocity is C W-, so that the position of 


maximiun density of the deposit is found, and the velocity 


calculated from this must be divided 



- in order to obtain 
8 


C; 


aetually, Stem found a velocity of 475 metres per second, giving 
590 for C. 

Bom, too, has determined the free path of the atoms by an 
ingenious method based on the study of the deposit formed by 
these atomic rays at various distances from their origin. 
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Gases under Actual Conditions. — Van der Waals* Equation 

( 1880 ) 

Gases do not rigorously obey Boyle’s and Gay-Lussac’s law 
except when they are infinitely rarefied ; just as the molecules 
of a salt are not completely dissociated except in an infinitely 
dilute solution (so that the theoretical osmotic pressure is slightly 
different from that found in practice), so in the case of a gas, if it 
is considerably compressed, it no longer behaves as if the distances 
between the molecules were large compared with their molecular 
dimensions. Not only docs the occupied volume, i.e., the volume 
occupied by impenetrable matter, become noticeable, but also it 
must be concluded from the liquid and the gaseous states, that 
the cohesive forces — weaker in the gas than in the liquid — may 
now have an appreciable effect. These two considerations give 
rise to a two-fold correction to the gas equation so as to make it 
conform to the conditions of an imperfect ” gas, i.c., an actual 
gas. 

We shall confine ourselves to giving a condensed outline of the 
well-known equation of Van dcr Waals, who was professor at the 
University of Amsterdam,* and who for much other work, besides 
that leading to the equation which bears his name, is reckoned 
among the great contemporary physicists. 

It is considered that the molecules cannot actually touch and that 
they behave as if contact took place between spheres associated 
with them. If, then, there be conceived to exist around each 
molecule a sphere of action having a radius equal to the molecular 
diameter, the total volume of these spheres must be subtracted 
from the total volume of the gas in order to obtain the effective 
volume of the actual empty space. 

When stating that the pressure varies inversely as the volume, 
therefore, it is necessary to adopt, not the total apparent volume, 

4 

but this volume diminished by - where a is the molecular 

o 

diameter. 

In the same way, if it be desired to compress into a smaller 


* Died 1925. 
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space a very dispersed crowd of people, this is achieved by redueing 
the distance between the individuals and not by compressing their 
bodies. The volume to be used in the equation pY — RT must 


therefore be V — - since there are N molecules in one 

O 


gramme-nioleciile (N is called Avogadro’s iiuiiiber). However, if 

we consider that, in producing 





j^CT/ON 


the effect of pressure, the 
molecules touch the wall of the 
containing vessel when the 
centres of their spheres of 
action are separated from the 
wall by a distance equal to the 
OF^ radius of these spheres, we find 
that a further correction is 
necessary, 

Aetually we think of all the 
spheres of action as having a 
radius equal to the molecular 
diameter ; thus the gas becomes 
reduced to N spheres, and these 
imaginary spheres, when they 
approach the wall of the vessel, 
do not touch it, since their 
centres are at a distance from it 


^ ^ equal to u ; this evidently gives 

the gas an additional volume 
equal to the volume of the hemispheres shown shaded in 
Fig. 14. 

2 

This volume is - per gramme-molecule. Taking into 

3 


account both the corrections just described, and noting that they 
operate in different directions, it will be seen that the volume to 
be inserted in the fundamental equation pV = RT is equal to 
2 

V - - 
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It is to be noted that tiie quantity - xror^N is equal to four times 

O 

the total volume of the molecules, since cr, which has been taken 
as the radius of the sphere of action, is equal to the molecular 
diameter. 

It now remains to consider the effect of cohesion . The moleeules 
of a fluid attract one another, and in the neighbourliood of the 
walls this attraction is not symmetrical but is directed towards 
the interior of the gaseous mass, being additional to the effect of 
the walls. 

This effect, taken over a square centimetre of the walls, is 
jointly i;)roportional to the density of tlie molecules which are 
attracted and of those which attract, i.c., it may be expressed by a 

term in or in other words, a term where a is a constant. 

Taking account of these effects and of the corresponding 
corrections they involve, the gas equation becomes finally : 

^ (V — 6) = RT • . Van dkr Waals’ Equation, 

2 

where 6 = - Tra^N. 

a 

This is the celebrated equation of Van dcr Waals which has 
been well confirmed by experiment. For a given mass of gas, 
from a knowledge of two sets of corresponding values of p, V and T, 
it is possible to obtain at once the two constants a and b ; naturally 
if a number of sets of corresponding values of py V and T are 
known, it is possible to obtain, by the method of least squares, the 
best values to adopt for a and 6. 

The values of the constants a and b are obviously very small ; 
for example, in the case of carbon dioxide, Van der Waals adopted 
the values 

a = 000718 b = 000190. 

The reader will shortly see some important applications of these 
conceptions which we owe to Van der Waals. 

Other similar formulae proposed by various authors will not be 
mentioned. 
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^Discussion of Van der Waals’ Equation 

As is well known, the curve obtained by plotting values of volume as 
abscissae and the corresponding values of pressure {at a given temperature) as 
ordinates is called an isothermal. 

The equation to an isothermal is obtained by putting T constant in the 
equation 

(p + S) («-&)= RT. 


In order to find the point at which an isothermal shows a maximum or a 

df) 

minimum it is only necessary to find the expression for ^ and equate this to 


zero. This gives 


from which we have 


^ _ R'*' . n 

dv ~ ~ (V- by 

_ 2a (V - by 

^ - Kw* • * 


( 1 ) 


The equation (1) gives, for any isothermal, the value of the volume 
corresponding to a maximum or a minimum pressure. If now we wish to 
find what is the maximum temperature for the conditions represented by this 

dT 

equation, we obtain the expression for ^ from (1) and equate the result to 


zero. This discussion is very important, since obviously the value of T thus 
obtained is the critical temperature of the gas, and the corresponding volume 
is the critical volume v^. 

^ (u 2aRi;3 {2v - 26) 

dv mv^ 


or, simplifying. 


(u, - 36) {Vc ~ 6) = 0. 


Taking = 36 and inserting in (1) 
Critical temperature = Tc 


"" 27R6 


It can be shown that these two values and are really the critical 
values. Actually the critical point is defined mathematically by the condition 

dp d^p 

that the isothermal is there sensibly horizontal, «.e., that ^ and ^ = 0, 


so that from Van der Waals’ equation 

RT a ^ dp RT 

P = have ^ 



and 


tfgp _ 2RT 
dS* ~ (o — 6)* 



It can be shown at once that the bend in the curve referred to actually takes 
place at the point where 


T. 


8a 

“ 27R6 


Ve = 36, and hence p^ = 


a 

276* 


as found previously. 

Finally, if Van der Waals’ theory were rigorously true, it would be possible, 
from experimental observations of the critical point, to deduce the constants 



CRITICAL POINT 


75 


a and and the values of these quantities would enable the isothermal curves 
to be obtained. 

It is not, however, absolutely exact, a and h are not really constants which 
are independent of the values of temperature and pressure, and this is to be 
expected when it is remembered that the molecules are not rigid elastic spheres, 
but complete systems of atoms. Moreover, even the monatomic molecules 
are formed, as we shall see, of electric particles, so that in the so-called collisions 
the repulsive forces which come into play are those manifested between 
charges when the electric fields surrounding them are brought within the 


P 



range of their mutual action ; the higher the velocities of the molecules the 
more intimate will be the inter-action during the collision. 

Fig. 15 shows the form of the isothermals (constant-temperature curves) in 
the neighbourhood of the critical point C. The liquid line is 6C, for this is 
the locus of all the points at which a slight reduction of volume causes the 
mass to become liquid. The saturated-vapour line is aC. 

It is only within the region aCb that liquid and vapour can exist together 
in equilibrium. The portion of the isothermal which lies between m and n 
represents a condition of supersaturation, and that between n and q a condition 
of instability ; the isothermals really follow the horizontal lines from m to r, 
because as the volume diminishes the pressure is not increased. The gas is, 
however, practically perfect in the regions where the pressures are low and 
the volume correspondingly large. 
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♦Van der Waals* Equation and the Joule -Thomson Effect 

We may recall here the nature of the Thomson effect and how it gives, for 
any gas, the values of the two constants a and h of Van der Waals’ equation. 

If a gas expands by an amount equal to Ju against the external pressure p, 
it does work equal to Av.p. and this is supplied from the molecular kinetic 
energy; the equation for the ideal gas (pu. ~ RT) implies that it is not 
the energy due to the mutual forces between the molecules which is converted 
into external work when these molecules are brought closer together or allowed 
to separate more widely. 

We have seen, however, that the derivation of Van der Waals’ equation 
introduces the idea that the volume of the molecules themselves cannot be 
neglected in comparison with the total volume when the pressure of the gas is 
under consideration. 

The following conclusions may, then, be drawn immediately : if a perfect 
gas expands into a larger space where the pressure is zero, tlie total work 
performed is zero, and therefore the gas is not lowered in temperature ; 

but in an actual gas matters 
are different. Expansion, even 
into a vacuum, will then be 
accompanied by a change of 
temperature ; it is easy to see 
what the direction of this 
change will be, for it is clear 
that, if the molecules of the 
expanding gas attract each 
other, the change which takes 
place on expansion from a 
vessel A into a vacuum B (so 
as to occupy a total volume 
A + B) will be a reduction of 
the temperature. This is 
Gay - Lussac’s well - known 
experiment, the arrangement 
of which is shown in Fig. 16 . 
Two carefully heat-insulated 
vessels were connected by a stopcock F. A was filled with compressed air 
while B was evacuated. A thermometer was placed in each vessel. When 
the whole system had reached the temperature of the surroundings, the tap V 
was opened and air flowed from A to R. The air in A was cooled because it 
had to do work in expanding against the pressure of the air which had entered 
R ; in so doing it compressed the air in R, with the result that this was heated, 
and so there was neither loss nor gain in the system A B regarded as a 
whole. Thus, if no xvork is done against the molecular attractions, there should 
be no change of temperature in the system A -f R as a result of the expansion. 

Owing to lack of precision in the measurements, the high thermal capacity 
of the thermometers employed, and the smallness of the effect, Gay-Lussac 
could not detect any change, and neither could Joule, who repeated the 
experiment with a different arrangement of apparatus. 

However, the problem was again attacked, and this time successfully, by 
Joule and W. Thomson (Lord Kelvin). 

Without going into the details of the experimental procedure, we shall 
caleulate approximately the magnitude of the change of temperature AT. 

Let us consider a unit mass of gas having initial energy equal to and 
final energy Wg* Then Q = Ug — ~ PiV^ will be the change of 

energy. 
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It is clear, too, that 

Mg - Ml = dv= - a (i - i). 

Joj ^1/ 

Applying Van der Waals’ equation to the original and final volumes ; — 
{Pi + IVL\ 

(j>2 + ^g)(t>a-6)= RTg 

it is easily found that 

p,v, - p,v , + b(p, -p^) + a. + R(Tg - Ti). 

Now ab is a small quantity of the second order and may be neglected, 
so that 

Q = Mg - Ml + pgVj - piCi = - 2a(i - + b(Pi - i?i) - R(Ti - Tg). 

\^2 ^1/ 

Remembering that, very nearly, — lVi\lp 2 and = HTJpi, the quantity 
^ i may be written approximately as follows : — • 

Pi _ Pi _ 1 ('^'iPi - '1'2PA ~ 1 Pi - Pi- 
ilTg RTi R V TiTg f 

The second stage of the simplification results from the fact that and Tg 
only differ by a very small amount. 

We have then 

Q = - l^iAPi - Pi) + b{P2 - Pt) - R(Ti - Tg) 


= {^-b) (Pi - Pi) - R(Ti - Tg) (1) 

But we know that * 

C„-C„=R/J (2) 

and for unit mass 

Q=JC.(Ti-T,) (3) 

whence, combining equations (1), (2) and (3) 




JC„ (Tg - Tg) = (g, _ fc) (pg - pg) 

and, finally. 



JT 

-21 

-T2 1 /2a _ \ .... 

Ajy 

Pi 

-p, JCpVRT ) 


This result is, naturally, only approximate on account of the simplifying 
approximations which have been made in the steps leading up to it. 

Equation (4) states that the difference of temperature which is caused when 
a gas expands from pressure to pressure P 2 is directly proportional to the 
change of pressure. Further, the difference JT is greater the smaller the 
value of C;j, as would naturally be expected. 

* Cp == specific heat of the gas at constant pressure. 

Cy = specific heat at constant volume. 

J = mechanical equivalent of heat. 



78 


THE KINETIC THEORY OF GASES 


If is greater than b the gas is cooled when it expands, while if, on the 
rvX 


2a 

other hand, < b the temperature rises ; 
JtiX 


thus the effect has a point of 


inversion. 

The particular temperature at which the inversion takes place can be at 
once obtained from the equation 2a/RT = 6, which gives 

T,„,, = 2a/R6 (5) 

This shows how the constants of the Van der Waals’ equation are linked 
up with the Thomson effect. 

In making use of this formula it is necessary to pay careful attention to 
the units employed. The constant a is expressed in cm.® x atmospheres y 
while h is expressed in cw. ; this clearly follows from the form of the equation, 
viz. (p + afv^) (V — b)— RT. 

Specific heats, however, are generally given per gramme of gas. Equation (4), 
when transformed to these practical units, becomes 


AT 0 0242 / 2a 
^P~ VT/273 


where p is the density. 

For carbon dioxide at 0° Centigrade 
a = 000874. 



. (4a) 


b = 00023. 

C„ = 0000399. 


AT 

This gives — 0*925, and Joule actually found a cooling effect equal to 
one degree per atmosphere. 

For hydrogen the inversion temperature calculated from the formula T„i„ -- 
2a/R6 is found to be about 200® absolute. Olszewski found experimentally 
that the inversion temperature was 193®, i.e., that above this point hj'-drogen 
was heated when it expanded, while below this temperature it was cooled on 
expansion. 

The cooling due to the Joule-Thomson effect is used in Linde’s commercial 
method for producing liquid gases. 


The Mean Free Path of the Molecules 

The distance traversed by a molecule between two successive 
collisions is very variable, but it is obvious that for a gas in a 
steady state the mean free path plays an important part in many 
phenomena ; for example, a gas conducts heat better the greater 
this mean free path becomes. 

If a horizontal disc suspended by a thread be imagined to 
rotate rapidly, it will, in its movement, drag with it the 
neighbouring layers of gas owing to the frictional effect, and 
this dragging will be the more marked {Le., more distant layers 
of gas will be affected) as the mean free path of the molecules 
becomes greater. 

The calculation of this quantity is quite easy; remembering 
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that n is the number of moleeules in a cubie eentimetre and a the 
radius of the sphere of aetion, each molecule in its movement 
sweeps out a volume equal to X v per second. This volume bears 
to the total volume, i.e., unity, the same ratio as the number i of 
collisions bears to the total number of molecules, n. Hence 

vah} = ijn. 

Thus the mean free path is simply the ratio of the distance 
traversed in unit time to the number of collisions made in that 
time, i.e., 

I = vji — 

Actually the molecule is not a free body moving hither and 
thither among other molecules which are at rest, but all the 
molecules are in motion with a mean velocity v, and this reduces 
the mean path ; actually, if two molecules collide with absolute 
velocities equal to and u^, the angle between these velocities 
being <f>, the relative velocity is given by the third side of the 
triangle of velocities and the square of this side equals + u^^— 
2 Ui U 2 cos 

Since, on the average, cos ^ may have either sign, the relative 
velocity U is found on the average to be given by = 

and not simply by v. 

It follows that the mean free path which it was desired to 
evaluate is given by : 

mean free path 1= 7= (1) 

nna^'V 2 

Remembering that n is the number of molecules in a cubic 
eentimetre while N is the number in the volume V occupied by 
one gramme-molecule, so that V = N/n, it follows that 

V 

/ = — 7= 

irV2.cr*N 

where V = volume of the gramme-molecule. 

This expression would give a value of I if Avogadro’s number N 
were known, or vice versa. Now one of the fundamental objects 
of the atomic theory is to discover the number of molecules 
contained in one gramme-moleeule of every substance, and we 
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are at length well on the way to determining this important 
constant, viz., Avogadro’s number, for if it is possible to find 
one other relation involving the mean free path, both N and the 
free path itself may be determined ; this is what we shall now 
proceed to consider. 

The Law of Distribution of Free Paths 

It is evident that the actual free paths of a molecule are all 
different from the mean free path and the question may be asked 
how these actual free paths are distributed about the mean. 

The law of distribution may be derived as follows : — 

In the molecular random arrangement, the probability tliat no 
collision will occur over the path x dx is made up of two 
independent probabilities, i.e., (i.) of the probability /(«) that a 
collision will not occur along the path x, and (ii.) of the probability 
that it will not occur along the final portion of the path, dx. This 
second probability is obviously a.f{x).dx, where a is a eonstant 
such that 

f{x + dx) —f{x) — f{x).a.dx. 

Since f{x + dx) —f{x) + f'{x).dx 

we have f{x) — b.e~"^ 

where b denotes a constant of integration. Considering that 
f(x) = l when X — 0, it follows that b must be equal to 1. It 
now remains to find the meaning of a ; this may be done by 
considering that if i be the number of collisions suffered by a 
molecule per second, i must also represent the number of free 
paths. The expression i = e~“^ represents the number of these 
which have values greater than x, so that the number of paths 
which have lengths lying between x and {x -f d^) is given by 
ie~ — jg-a(x+dx) _ ax — g- adx^ _ , dx . e~ 

These paths have a total length equal to If this 

expression be integrated between the limits 0 and infinity the 
result is the total distance traversed by a molecule in one second, 
i.e., the mean velocity : 

poo 

V = iaj e~^xdx = ija = i X mean free paih. 
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Putting Z = it follows that the probability that a molecule 

will traverse, without collision, a ])ath of length .c will be given by 

f{x) = 

It is very easy to show tliat the proportion of molecules for 
which the free path has a value lying between x and a; + da? is 
{dxll)e'~^^K Thus, out of every 1,000 molecules, only 7 traverse a 
distance 5Z, only one out of 22,000 traverses a distance 10/, and 
so on. 

Experimental Determination of the Free Path 

The best two experimental proofs of tlie mean free j^ath consist 
of the direct measurement of the path itself and the direet 
determination of its distribution. Tlie former method is due to 
Max Born * and is based on tlic nK‘asiirement of the density of a 
layer of silver deposited on a glass plate by a beam of silver atoms 
travelling in air at reduced pressure, this density being a function 
of the distance of tlie plate from the point of origin of the beam. 
The apparatus is shown diagrainmatieally in Fig. 17. A stream 
of vaporised silver Avas reduced to a beam of very narrow angle by 
means of a vertical tube B, and this beam passed through circular 
holes cut in four brass discs placed one above another at intervals 
of 1 cm. These discs were cooled by immersion in liquid air and 
each supported a quadrant the apex of which was on the axis 
passing through the centres of the circular holes ; each quadrant 
was turned through an angle of 90° with respect to the one below 
it, and each glass plate thus received one-quarter of the stream of 
atoms. 

The quartz tube was connected with a pump so that the silver 
could be vaporised at various measured pressures ; the density of 
the deposit was measured photographically. If nnd Dgo 
represent respectively the densities on the quadrants 1 and 2 when 
there is not any gas in the chamber, and if D^ and Dg represent 
the densities when the gas present has a mean free path equal to /, 
then, if the theory is correct, the following relations hold : 

* M. Born, Phys. Zeits., 21, p. 578, 1920. 
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where and X 2 are the distances from the source. 


These equations give I = 


X 9 — 30^ 


log (D^ D 2 o/D 2 Diq) 


, and hence, from 


the densities of the deposits determined photographically, it is 
possible to deduce the free path of the atoms of silver in air. 



Fig. 17. — Born’s experiment. 


In these experiments x^ ~ was equal to one centimetre, and 
a series of measurements gave : 

foxp = 5-8 X 10“"^ mm. I = 1*7 cm. 

for p = 4*5 X 10”^ mm. I = 2*4 cm. 

It will be seen that the product pi is constant, as predicted on 
the kinetic theory of gases : calculating on this basis, the value of 
the free path at atmospheric pressure is Z = 1-4 X 10““^ cm. 
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Another experimental investigation by means of which the 
mean free path can be obtained is that of F. Bielz, for a description 
of which the original paper should be consulted {Zeits. f. Physik, 
Vol. 32, p. 81, 1925). 

We shall now see how the mean free path, on which the 
viscosity of a gas depends, can be obtained by calculation from a 
determination of this latter quantity. 

The Viscosity of Gases and its connection with the Mean 
Free Path 

If this connection be known, I can be found, and also Avogadro’s 
number. 

Let us return to a consideration of the horizontal disc rotating 
in air and supported by means of a vertical thread. While the 
disc rotates, there are some molecules which, having acquired a 
horizontal component of velocity, rise to the higher layers of air, 
and, by communicating to these layers the energy contained in 
this component, cause them to rotate ; other molecules descend, 
encounter layers in rotation, and, in acquiring a horizontal 
movement, reduce the velocity of these layers ; thus after a 
certain time a steady state is reached in which there is a velocity 
gradient, i.e., in passing from one layer to another at a distance of 
one centimetre from it, there is a change of horizontal velocity 
represented by dujdz. 

As an illustration, consider two trains with different velocities, 
travelling side by side and close together ; the passengers in one 
train throw heavy balls at the other or jump from one train to the 
other ; it is clear that the faster train will liave its velocity 
reduced while the slower train will be accelerated. 

A complete theory, which it is unnecessary to consider in detail,* 
leads to the obvious result that the viscous resistance t] experienced 
by a layer of the fluid per unit area when the velocity gradient is 
unity is equal to r] ~ J 7imvl, i.e., the resistance increases with the 
mass of the molecules, their number per unit volume, the mean 
free path aiid the mean velocity. 

Thus, since fim is the simple density p of the gas (the mass per 

* See note on p- 177. 
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unit volume), the coefficient of viscosity may be expressed more 
simply thus : 

= \ pvl. 

This gives the desired means for determining both the actual 
dimensions of the molecules and Av^ogadro’s number N. 


First, however, we j^ropose to say something about the 
coefficient of viscosity, 07 , which plays an important part in many 
phenomena. 

The result just obtained for the value of the viscosity is due to 
Maxwell, who published it in 1886, and it is of considerable interest. 
Since the mean free path is inversely proportional to the density 
and this increases as the pressure increases, it follows that the 
viscosity should be independent of the pressure. This seems 
surprising, but it is actually true, and its experimental verifieation, 
carried out after Maxwell had deduced it by calculation, forms one 
of the most elegant and striking proofs of the kinetic theory of 
gases. 

Viscosity can be measured easily ; it is sulficient to take one of 
those phenomena in which it plays a part and to develop the 
theory of this phenomenon so as to obtain a formula in which the 
viscosity 77 appears. Its value can then be deduced in just the 
same way as g, the acceleration due to gravity, may be obtained 
from the expression s = I gt^, which gives the distance covered 
by a falling body in a certain time ; in this case the distance 
and the corresponding time arc measured and the value of g is 
found. 

Now one of the phenomena which can be utilised for determining 
7) is the flow of a fluid through a tube at a moderate velocity. 

The mathematical theory of the phenomenon leads to an 
expression which gives the volume of fluid which passes, I, in 
terms of the radius r of the tube, its length L and the pressures pi 
and P 2 at the ends of the tube. 


The volume of fluid passing 


7rr* 




A determination of the amount of flow and of the two pressures 
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gives the data necessary for calculating the coefficient of 
viscosity. 

Alternatively, it is possible to use, for example, the damping 
of a mass (a pendulum bob) which oscillates in the fluid the 
viscosity of which it is desired to measure ; the mathematical 
theory of the oscillatory movement being known, a measurement 
of the damping gives the viscosity. 

It is not possible to give further details of such experiments 
which Maxwell himself carried out at different pressures. For air 
the coefficient of viscosity at 15 degrees is 0-00018. 

From the theory which shows the viscosity to be independent 
of the density, it is possibk to deduce this curious fact : the 
speed witli which a small sphere falls in a gas is independent of 
the pressure of tlie gas ; actually the velocity of descent is given 
by the well-known Stokes law : 

speed of fait = °/ 

67Tar) 

where a is the radius of the sphere. 

The weight, actually, is the apparent weight, i.e,^ the real 
weight less the weight of gas displaced which, although negligible, 
varies witli the pressure. Since, as has been seen, the viscosity 
does not depend on the pressure, it must be concluded that a 
ball will fall in air at atmospheric pressure with the same velocity 
as in air at a pressure of 10 atmospheres. 

This conclusion is confirmed by experiment. 

Let us now return to our main argument. 

In Maxwell’s equation : rj = ^ pvl, where p is the density, and 
V is the mean velocity. 

Thus everything is known except the free path /, which can 
therefore be found. For oxygen and for nitrogen under normal 
conditions, the free path is of the order of one ten -thousandth of 
a millimetre (0-1 micron). For hydrogen it is approximately 
double this ; at the low pressures obtained in a Crookes tube 
(one millionth of an atmosphere), it may sometimes happen that 
a molecule may travel for several decimetres in a straight line 
without meeting another molecule. 
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Viscosity and Mean Free Path 


Gas. 


Hydrogen . 
Oxygen 
Nitrogen . 
Carbon monoxide 


Viscosity. 


M.F.P, in cm 


84 X 10-« 
190 X 10-* 
167 X 10-* 
166 X 10-« 


11 X 10-® 
6-2 X 10-« 
5-9 X 10-® 
5-8 X 10 * 


iV.B. — The mean free path is given at 0° C. and at a pressure of one 
atmosphere. 


Molecular Dimensions. — Avogadro’s Number. — Diameter of 
the Molecular Spheres of Action 

Once the value of the mean free path has been found, it will 
be seen that Van der Waals’ equation : 

/ a\ 2 

(V--7m3N) = RT 

combined with the equation I — 1/{itV 2 . ahi) gives at once the 
solution of the problem before us, i.e., that of determining the 
diameters of the molecules and Avogadro’s number N. In 
faet, in these two equations, the only unknowns are precisely the 
diameter and the number N of molecules in the gramme-molecule. 

Making the calculation in the case of the monatomic gas, argon, 
we obtain the following result : — 

Volume of the spheres of action in a gramme-molecule 
(40 gm.) = 7‘5 c.c. 

Hence Diameter of the molecule, a = 2-85 x 10~® cm. 

Avogadro's number N = 62 x molecules. 

Argon was not chosen at random, but because its molecule is 
monatomic and therefore probably spherical. 

For nitrogen, the value found for N is 45 X 10^^, and for 
carbon monoxide 50 x 10**, results which are slightly discordant, 
but as they are of the same order they are worth consideration. 

8 R 

The kinetic energy of the molecules of all gases is - ; now 
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that N is known, this value may be calculated ; for example, at 
the temperature of melting ice (T = 273°) it is found that 

1 • • f 3 R 

kinetic energy of one molecule ~ ^ ^ ~ ^ ergs. 

The number of collisions suffered by a molecule in one second 
is obviously the reci 2 >rocal of the mean free path ; since the free 
path varies in general from 5 x 10“ ® to 10“ ® cm., the number of 
collisions per centimetre is of the order of a hundred thousand ; 
if the mean velocity be divided by the mean free path, the number 
of collisions per second is obtained ; the reeiprocal of this number 
is the average time whieh elapses between two suceessive collisions. 

Thus there is nothing left unknown. It is not without 
admiration that we look back at the road which has been traversed 
and which has now led us to such an intimate knowledge of the 
molecule, and we cannot fail to pay homage to the men like 
Clausius and Maxwell, who built up from first principles a method 
of exploring a world of such extremely small dimensions. 

The following table recapitulates the values of various molecular 
quantities : — 


Gas. 


Hydrogen 
Oxygen . 
Carbon dioxide 


Root mean 
square 
velocity C. 


1838 m/sec. 
461 „ 

393 „ 


Mean 
velocity v. 


1693 m/sec. 
425 

I 362 „ 


Coeff. of 
viscosity 


84 X 10-« 
190 X 10-« 
137 X 10-6 


Mean free 
path in cm. 


11 X 10 « 
6-2 X 10 
3-8 X 10 « 


Molecular 
diameter <r. 


2*8 X 10-s 
3-7 X 10-8 
4*7 X 10-8 


Thus it is found that, from the measurement of the 
compressibility of a fluid, it is possible to obtain, by means of Van 
der Waals’ equation, the value of the constants a and b, and 

4 

therefore the actual total volume of the molecules — but by 

another simple line of reasoning it is possible to arrive at an upper 
limit for a. In fact, the diameter a which occurs in considering 
the molecular coUisions will be very nearly equal to the distance 
between the centres of the molecules when the body is in the 
liquid state and at a low temperature. In this state the molecules 



88 


THE KINETIC THEORY OF GASES 


cannot be more concentrated than balls piled up one on another ; 
the volume so occupied by a grammc-iuolecule of the body 
as liquid is known, so the value of is obtained, and con- 
sequently, Avogadro’s number. 

In this way it has been found for mercury, which is monatomic, 
that N = 45 X 1022.* 

The molecular world is wonderful and curious. A 
gramme-molecule which, under ordinary conditions, occupies a 
cube of which the sides are 13 cm. long, contains molecules which 
are so far apart that only 7 c.c. out of the whole 22,400 arc filled 
with material ; the grains of this powder-like material move like 
cannon-balls which change their direction one hundred thousand 
times whilst traversing one centimetre ; their velocity is so great 
that their energy is measurable, however small their mass may 
be. But can man make use of it ? In this cube of 22,400 cm. 
there are 60-6 X lO^® particles in motion, and we are quite unable 
to visualise this number; a huge area, 1,000 km. square, if 
completely covered with particles one millimetre square, would 
contain only 10^® of such particles, i.e., about onc-millionth of 
the number which we arc attempting to visualise. 

Now it is necessary to explain briefly what is understood 
nowadays by the diameter of the molecules. This expression arose 
out of the original conception of molecules formed by the physicists 
who developed the kinetic theory of gases, viz., that of clastic 
spheres incapable of deformation ; if two such spheres of the 
same kind arc in contact, their diameter is equal to the distance 
between their centres, and it is then clear how, by means of 
Van der Waals’ equation, or of the data on liquefaction at the 
critical point, or of viscosity measurements, it is possible to arrive 
at a quantity which, if this conception were a true one, would 
correspond exactly to the diameter of the molecules. Now, 
however, since the discovery of the electrons as universal 

* This value is obtained from the relation 1=. — . where I and V 

■"VZ . a»N 


are known. 
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constituents of the atoms which, in combination, constitute the 
molecules, these ideas have lost their simplicity. The arrangement 
of the electrons is not well known ; moreover, there is, in the 
structure of the atom, a “ nucleus ” which is electrically positive, 
and further, the manner in which the atoms are combined within 
the molecule is not completely known. What is certain is that 
the molecules arc complete structures with electrical and magnetic 
properties, and that forces of attraction and repulsion come into 
play between them. 

It is clear, then, that for a complex structure such as an atom 
or a molecule, the geometrical definition of diameter loses its 
meaning, and that actually the various experiments which can be 
carried out to determine this quantity, based as they are on 
different pictures of the atom, are bound to lead to different 
results ; actually each experiment measures a quantity which 
depends on the nature of the experiment itself ; in other words, 
the quantity determined is defined by the nature of the experiment 
to which the molecule is subjected. 

On the other hand, it is certainly true that experiments of 
different kinds all give for the dimensions of the atoms and 
molecules numbers which have the same order of magnitude, 
viz., 10““® cm. 

It is possible, for instance, to cause electrons of various velocities 
to travel through a gas and to deduce the “ cross-section ” of the 
molecules from the number of electrons which reach a given 
distance, this number being measured by means of an electrometer 
(Ramsauer’s experiment). However, the values obtained not 
only differ from those given by the kinetic theory, but they vary 
with the velocity of the electrons projected into the gas ; for 
high velocities, the diameter of the molecules is less, showing that 
the electrons may penetrate the sphere of action. 

The study of crystals, magnetism, the mobility of ions, molecular 
refraction, etc., all provide different methods of measuring the 
size of the molecules, but they are, it must be repeated, indirect 
methods of attack, and do not really give a measurement in the 
ordinary sense in which we understand the measurement of a 
length. 
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Anyone who wishes to become acquainted with the various 
methods used for finding the molecular dimensions should consult 
the article by Herzfeld in Elektronen, Atome, Molekule, 1926 
{Handbuch d. Phys., Vol. XXII). 

Specific Heat of Monatomic Gases — Equipartition of Energy 

Monatomic gases are, as the name indicates, those which have 
a molecule consisting of a single atom ; in addition to mercury, 
cadmium and zinc, this group contains the rare gases of the 
atmosphere, helium, neon, argon, etc. 

These gases, after their discovery, were subjected to very 
intensive study and research ; the air which, at the earth’s 
surface, is composed of 21 parts by volume of oxygen and 78 of 
nitrogen — a total of 99 per cent. — contains 0*91 per cent, of 
argon, a quantity which is readily detectable ; neon is present in 
the proportion of one part per 80,000 of air ; then comes helium 
in the proportion of one part in 250,000, and finally the others in 
still smaller quantities. 

The quantity of heat supplied to a monatomic gas is employed 
in increasing the kinetic energy of translation of the molecules, 
and it might be thought that a portion would be employed in 
increasing a rotational movement ; this, however, is not the case 
for monatomic gases, for these behave as if they were composed 
of rigid, perfectly elastic spheres, so smooth that when struck 
they are unable to acquire a movement of rotation. 

Actually the mean kinetic energy of a molecule is known to be 
\ mC^, and for the N molecules in a gramme-molecule the total 
1 3 

energy of motion is ; NmC^ = - RT. Hence when the gas is 

heated at constant volume so that all the heat goes to increase 
the energy, for every degree rise in temperature, the specific heat 
due to the velocity of translation of the molecules will be 
3 

C„ = - R = 12-5 X 10’ ergs = 2-98 calories.* 

Now for the monatomic gases (helium, neon, argon, mercury) 
* 1 calory = 4-18 X 10’ ergs. 
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it is definitely known that the specific heat given by experiment 
is just 3 calories per gramme-molecule, and this shows that the 
molecules do not rotate. 

As Perrin observes, this is a very remarkable fact. It would 
be sufficient to discredit the kinetic theory if there were a single 
case in which the heat lost by three grams of water cooling 
through one de^ee, caused a greater rise of temperature than 
one degree in a gramme-molecule of ajiy gas at constant volume ; 
but this has never been found. 

5 

The specific heat at constant pressure, C^, is ^ R for monatomic 

gases ; actually Cj, = pdY, pdV being the part absorbed in 
increasing the volume by the amount dV. Since by differentiating 
the equation pV — RT it is found that pdV = RdT, it is easy to 
obtain at once the relation : 

Cp = C, + R = ^RT. 

For all monatomic gases it may be said, too, that the ratio 
Cj, 5 

TT must equal - = 1‘66, and this has been verified with extreme 

Cp 8 

accuracy by means of experiments on the monatomic gases 
helium, argon, mercury, etc. 

So far we have, in speaking of the specific heats of gases, 
indicated that there is a very close agreement between the 

8 5 6 7 

experimental values and the theoretical values -R, -R, -R, -R, 

etc. This agreement between the classical theory and experiment 

must, however, be accepted with reserve since the matter is really 

complicated, showing a variation with temperature. 

This variation has been studied carefully in the case of hydrogen ; 

for this gas the specific heat in the region close to 80-55° absolute 

8 *5 

is — R = 2*98 calories per degree ; close to 250° abs. it is - R, and 

iS ^ 

then C„ rises continuously between 500° and 2,000°, reaching and 
exceeding 6 calories per degree. 
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Specific Heat (CJ of Hydrogen 


T. 


T. 


29 

2-98 

100 

3-42 

35 

2-98 

196 

3-62 

40 

2-98 

273 

4*84 

50 

301 

333 

4-91 

60 

2-99 

625 

508 

70 

304 

1,000 

5-34 

80 

314 

1,400 

5-62 

90 

3-26 

2,000 

6-34 


The explanation of this change in the specific heat will be given 
in the section on quantum theory (Vol. II, Chap. VIII). 


The Specific Heats of Perfect Polyatomic Gases — Degrees of 
Freedom 

For a polyatomic gas such as oxygen, nitrogen, hydrochloric 
acid, or ammonia, the molecules are not spherical, and the heat 
supplied is not used solely to increase the kinetic energy of 
translation ; part of it may increase the speed of rotation and 
possibly another part may be converted (as is supposed) into 
kinetic or potential energy among the components of the molecule. 
On this assumption, the total quantity of heat dQ which is 
supplied to a gas at constant volume is divided into two parts, 
that which increases the energy of translation (already calculated 
3 

to be equal to - RdT) and that used up within the molecule. 

The latter portion we may evidently suppose also to be 
proportional to dT, so that we have ; 

dQ = iRdT + ? R.adT, 

2 2 


where a is the factor of proportionality. 


For one degree difference of temperature, C„ = - R (1 o). 

2 
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In order to find the specific heat at constant pressure wc have 
already seen that we must add R, so that we find : 

Specific heat at constant pressure ^ 


At this stage we may note the very interesting fact that a 
assumes simple values. Actually the ratio C^/C^ = 1-40 for 
diatomic gases ; for example : 




C„ 


hydrogen (Hj) 

. 6-86 

4-80 

1-41 

nitrogen (Ng) 

. 6-98 

4-95 

1-40 

oxygen (Oj) 

. 6-98 

4-95 

1-40 

carbon monoxide (CO) 

. 700 

4-95 

1-40 

2 

so that for these gases 

Then the polyatomic gases may be 

considered, such as methane 

, carbon 

dioxide. 

, ammonia, etc. 

For these the ratio C^/C^, = 1'33, so that 

a = 1. 


Thus, for these gases, since ' 

3 

Cp = - 11 (1 + a), the total energy 

supplied in the form of heat is 

double that used 

in increasing the 

kinetic energy of translation. 





c,. 

Cr 

C„ICo 

ammonia (NHg) . 

. 8-65 

6-47 

1-33 

methane (CII 4 ) 

. 8-65 

(r39 

1-31 

carbon dioxide (CO 2 ) 

. 8-88 

6 - 6 () 

1-30 


For^more complex molecules, a sometimes becomes equal to— ; 

o 


to sum up, the number tliat expresses the relation existing between 
the heat which is absorbed in increasing the kinetic energy of 
translation and that which is converted into energy of movement 
within the molecule has always a simple value lying between 



To Maxwell and to Boltzmann belongs the credit of giving a 
complete explanation of these facts. For a spherical molecule 
there are three possible ways in which its centre of gravity can 
move corresponding to the three co-ordinates, viz., from right to 
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left, up and down, and backwards and forwards (to use ordinary 
terminology) ; it is said to have three degrees of freedom, this term 
being used by analogy with the nomenclature introduced into 
dynamics by Henri Poincar^, for the number of independent 
values which must be known in order to specify completely the 
configuration and position of any dynamical system. 

This number expresses the capability of the system for 
movement. For instance, a point moving in a plane has 2 degrees 
of freedom ; a punctiform mass moving in space has 3, a solid 
moving in space has 6, since, in addition to the displacement of its 
centre of mass, necessitating 3 degrees of freedom, it can rotate in 
three ways ; a pair of compasses has 7 degrees of freedom, viz., 
3 of translation, 2 of rotation of one leg, one of rotation about this 
leg, and finally one of change of angle between the two legs. 

A nut-cracker has 8 degrees of freedom. In surgery, a joint 
which has become incapable of movement is said to be ankylosed ; 
thus ankylosis causes the human body to lose one of its degrees of 
freedom ; if the joint of a pair of compasses becomes so stiff that 
it no longer allows the angle between the legs to be altered, the 
numbeiiof degrees of freedom of the system is reduced from 7 to 6. 

To interpret these remarkable results, it was necessary for 
Maxwell and Boltzmann to introduce the celebrated principle of 
the equipartition of energy ; we shall illustrate this by means of a 
few examples. 

If we consider monatomic molecules as of the nature of smooth 
elastic spheres incapable of transmitting a rotational movement, 
it is clear that all the heat supplied will be used in increasing the 
energy of translation ; and since there are three possible motions, 
all ranking equally, each of the three degrees of freedom will 
absorb, for each degree rise in temperature, one-third of the total 

8 . 1 

heat supplied, i.e., it will absorb - R divided by 3, i.e., — R. 

JU It 

Given the value of R, this means that the amount absorbed by 
each degree of freedom per degree rise of temperature will be one 
calory, or, more exactly, 0*99 calory. 

For a gas with two atoms to the molecule, for example, Og or N 2 , 
the simplest idea of the molecule which it is possible to conceive 
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is that of a system of two homogeneous elastic spheres coupled 
together in dumb-bell fashion ; since this system has an axis of 
revolution passing through the centres of the two spheres, a 
collision cannot affect the rotation about this axis, but the other 
two rotations may be altered as a result of collisions, i.e,y those 
about the two axes normal to the axis of symmetry. 

It is necessary, therefore, to consider two new terms in estimating 
the total kinetic energy equivalent to the heat supplied. 

The doctrine of the equipartition of energy states that each 
degree of freedom absorbs the same amount of energy for each 
degree rise in temperature ; it is clear, then, that for a gas with 
two atoms to the molecule, the specifie heat at constant volume is 
5 calories.* 

For a gas having a rigid molecule with no axis of symmetry, the 
number of degrees of freedom is 6, and the specific heat is twice 
that of a rnonatomie gas ; there will be, then, a group of tri-atomic 
gases for which Cy == | R X 6, i.^., = 5*94. 

This is the case for aqueous vapour (HgO), for which at 100° C. 
the value of Cy is exaetly 5*94. 

Finally, if the molecules are not rigid, the new degrees of 
freedom which arc introduced lead to an increase of 1 calory per 
degree each. Thus nitrous oxide (NgO) has a specific heat Cy 
equal to 6*98. 

We shall see in what follows, however, that there arc certain 
difficulties in this theory of specific heats and that the theory of 
quanta has provided a brilliant solution ; the difficulties arise 
from the fact that the specific heats are not, as implicitly assumed 
in what has just been said, the same at all temperatures ; while 
argon at 0° C., at 100°, at 1,000°, and at 2,000° always has the 
same specific heat Cy = 2*97, hydrogen at 0° C. has a specific heat 
equal to 4*80 at 500° C., its specific heat has become 5*25, and at 
1,000° C. it is 5*6. 

We are here confronted with a definite and striking fact ; the 
specific heat falls as the absolute zero is approached and tends to 
the value 2*98 calories, i.e., to the value corresponding to 3 degrees 
of freedom. 

* Or, more exactly, 4-95 ^ It X 5. 
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The same applies to oxygen and to nitrogen (Nernst’s 
experiments). Ev^ery thing occurs as if the rotational degrees of 
freedom gradually disappeared, as if the molecules behaved more 
and more like homogeneous spheres incapable of rotation. We 
see that if, as the temperature rises, the fresh degrees of freedom 
appear simultaneously in all the molecules, the molecular heat 
should show a discontinuity at some temperature ; if, on the other 
hand, they do not appear at the same time in all the molecules, 
but are subject to the occurrence of molecular impacts, the specific 
heat will increase progressively, as is found experimentally to be 
the case. Thus the continuous increase of the specific heats of the 
non-monatomic gases at high temperatures is not irreconcilable 
with the equipartition hypothesis. 

However, there is one matter which is still obscure, and that is 
the manner in which the rotations disappear at low temperatures. 

Specific Heats of Solids — Simple Demonstration of Dulong 
and Petit’s Law 

Let us consider the molecules of a solid as clastic spheres — 
monatomic molecules — held in positions of equilibrium by the 
action of neighbouring molecules but capable of executing small 
vibrations about these equilibrium positions. The kinetic energy 
of a molecule is given by the expression : 

kinetic energy — \m {u^ + 4- 

where i/gj three components of the instantaneous 

velocity. 

The potential energy, expressed as a function of the co-ordinates 
tT, «/, z of the position of the centre of mass, is given by : 

potential energy a (x^ + y^ + z^). 

That the potential energy should have this form will be clear 
from the fact that it depends on the product of a force — 
prt)portional to the elongation — ^and the elongation itself, as in 
the case of a pendulum ; and the law of elasticity for a solid — 
reaction proportional to the deformation — ^leads to the supposition 
that the force tending to restore the atom to its position of 
equilibrium is proportional to the distance by which it is displaced. 
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When proceeding to the consideration of low pressures the influence of 
the friction term rf/c becomes noticeable, and the flow G which occurs under 
a specified difference of pressure pg) longer decreases in direct 

proportion to the pressure. Knudsen’s experiments showed that the quantity 
flowing passed through a minimum value, then rose and tended towards a 
limiting value (for p = 0) which was independent of p ; tliis means that a 
steady state is reached in which the phenomenon becomes independent of 
the idea of viscosity. This will be explained in further detail in the following 
section. 

To give a concrete idea of the way in which the flow for a given change of 
pressure (p^ ~ p«,) varies with the mean pressure p, we may say that Knudsen 
finds that for carbon dioxide flowing along a certain tube, Poiseuille’s law 
(proportionality of G and p) holds from high pressures down to about 2 mm. 
of mercury, h rom p = 2 to p = 0*4 mm. the amount of flow decreases, but 



Fig. 1 8 .^ — Variation of the gas flow with the pressure. 

at a constantly diminishing rate, until atp = 0'3.5 mm. it reaches a minimum : 
then the flow rises again, and at about 0-02 mm. it attains a constant value, 
which is maintained unaltered for all attainable low pressures. 

We shall see in the next section how Knudsen has been able to obtain by 
calculation the value of the limiting flow, which is represented in the figure 
by the ordinate OA. 


Very Rarefied Gases and the Kinetic Theory 

It has been seen that the mean free path varies inversely as 
the pressure ; from values of the order of a ten-thousandth 
of a millimetre at ordinary pressures, it may attain values of 
several centimetres or even several decimetres at low pressures. 
Maxwell’s expression for the mean free path is, as already stated. 
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where a is the molecular diameter and n is the number of molecules 
in a cubic centimetre. 

For nitrogen and oxygen g 3*7 X 10“*® cm. ; furtlier we may 
recall that n ~ (Avogadro’s mimber)/22,400 = 2-70 X 10^^ for a 
gas under normal conditions.* 

Hence it is found that, at a pressure of one atmosphere and at 
0° C., the 

1 1 

Mean free path ~ == cm. 

11*5 X 101® X 13-6 X 10-1® 15 X iq 4 . 


If the pressure were one ten-millionth of an atmospliere, the 
mean free path would be about 60 centimetres. 

It is, then, possible to obtain vacua of such a high order that 
the mean free path equals and exceeds the dimensions of the 
apparatus which contains the gas. Collisions of the molecules 
among themselves then become very rare and do not enter into 
consideration if the pressure is very low. It must be remembered 
that in practice the means for producing a vacuum are capable of 
reducing the pressure to a millionth of a millimetre of mercury. 
The result is a remarkable alteration of all the properties of the 
gas ; the study, both experimental and theoretical, of these 
properties, has led to a whole series of interesting conclusions with 
which the name of the physicist Knudsen has been especially 
associated. 

To give some idea of the methods used in this work, we may 
content ourselves with outlining the way in which the How of a 
rarelied gas in a fine tube leads to Knudsen’s formula. 

It is known that the flow of a gas along a capillary tube is, at 
normal pressures, in accordance with Poiseuille’s law : 


Mass passing per unit time : G = — {p^ 


where I = length of tube, p = mean pressure of the gas, M = 
molecular weight of the gas. 

The gas behaves during its passage as if it adhered to the walls 
and its velocity increased from zero at the walls to a maximum at 


* 22,400 is the number of cubic centimetres in a gramme-molecule of 
any gas. 
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the centre of the stream ; there is no discontinuity of velocity in 
the vicinity of tlie walls. It is known that Poiscuille’s law is 
completely verified experimentally and that it provides a means 
for finding the coefficient of viscosity, i;, from a measurement of 
the flow G. 

When, however, the pressure of the gas is so low that the mean 
free path of the molecules is no longer very small in comparison 
with the radius of the tube, especially if this latter be a capillary, 
this law no longer holds good, and the gas behaves as if it no 
longer adhered to the walls ; there is a sharp discontinuity in 
passing from the moving gas to the stationary wall. 

For very high vacua, in fact the highest ordinarily attainable, 
it has been shown experimentally that, below a certain fall of 
pressure, there is a limiting rate of flow which is independent of 
tlui gas pressure ; the conception of viscosity then loses its 
meaning ; in fact, when the effects of the inter-molecular 
collisions are negligible, ?.c., when the flow is governed solely by 
the collisions of the molecules with the walls, the phenomenon 
changes from one of viscous flow to one of ynoleciilar floxv. 

Now, if the gas were at rest. Maxwell’s law of distribution of 
velocities would certainly hold ; if, however, the gas be in motion, 
it can only be used as a first apj^roximation. As regards the 
directions in which the molecules leave the wall after a collision 
with it, it appears that, at the high vacua now under consideration, 
the molecules are, as it were, absorbed by the wall and re-cmitted 
in all directions according to the law of probability. 

After these two remarks we can at once describe how it is 
possible to obtain the expression for the mass of gas which flows 
per second along the tube. 

The axial force on the wall is per sq. cm. \{p^ — P2)ll] and 
the fall of pressure along a centimetre of tube is {p^ — P2)IU 
that the axial force is [{py^ — distributed 

over the wall of one centimetre length of the tube, i.e., over an 
area 27Tr . 1. 

The force which acts on each centimetre of the tube can be 
expressed in another way ; it is, in fact, equal to the momentum 
whieh the walls of the tube receive per unit area in the direetion 
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of the axis. But we know that the number of moleeules which 


strike a square cm. of the walls per second is 


nC 
y/ Ott 


(see p. 63), 


where n is the number of molecules contained in one cubic 
centimetre and is, as usual, the mean square of the velocities ; 
further, each molecule has a momentum 7nu along the axis of the 
tube ; hence the momentum sought is 


nC 

mu — = 
a/ Ott 


__ Pl-P2 

2l 


r 


. (a) 


Now nm is the density of the gas, and the mass flowing per 
second is G = X density. 

If in this expression we replace unm by the value obtained 
from equation (a) we have, on eliminating C by means of the 
relation \ MC^ = RT, 

Mass of gas flowing per second. 


TT® 

rrr^u X density = — - 

V2 I 


ipi - Pi) \J 


M 

RT 


(i8) 


This is Knudseii’s equation. 

As will be seen, the viscosity no longer appears in the result ; 
the movement of the fluid takes place as a mass, and no longer 
in separate streams exerting on each other a mutual friction ; 
the pressure of the gas has no effect on the flow, and this is 
governed by a single variable {pi — P 2 ) ; this shows that if the 
pressure is halved, the density of the gas is halved, but it flows 
twice as fast. 

Formula (j8) has been verified experimentally, and explains the 
facts perfectly. 


We may now pass on to describe a practical application. 

It is clear that the momentum communicated by the gas per 
second to unit area of the walls, or more simply the acting force, 

nc 

is mu — = ; putting for mn and for C the values obtained from 

V &7T 

the equations obtained previously, viz. 
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p = n/2A, = RT, = 8/2Am, 

we have 

the axial force per unit area {otherwise the pressure) exerted by the 


gas on the walls is 


up j M 

V RT* 


This expression has a direct application in the molecular 
manometer. This is an interesting instrument which is used for 
measuring very low pressures with a sensitivity approaching 
onc-millionth of a millimetre of mercury. 

It comprises a horizontal disc which is caused to oscillate 
rapidly in the gas, the pressure of which is being measured. 
The oscillation is induced by means of a rotating magnetic field 
outside the instrument, this field acting on a magnet attached to 
the disc ; another disc parallel to this one is suspended just 
above it by means of a fine quartz thread, and it is indueed to 
rotate by reason of the rapid movement of the disc which is 
revolving at a distance of a few millimetres below it. 

The velocity with which the molecules move past the stationary 
disc {i.e.^ the quantity u in the problem just considered) is a>r, 
where cu is the angular velocity of the rotating disc ; the force 
exerted on the annular element of area 27rrdr has the value : 





X cDr X 2-jTrdr. 


To convert to moments it is necessary to multiply by the 
radius r. Integrating all the elementary moments from zero to r, 
the total moment tending to rotate the disc is obtained ; this 
produces a proportional torsion in the suspension thread, so that, 
equating the value of the moment acting on the disc with that 
of the force tending to prevent this rotation, we have : 

angle of twist = Ar*(opVMjRT, 

where r = the radius of the disc, 
o) = the angular velocity, 
p = the pressure to be determined. 

The constant A contains the numerical factors which appear 
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at the end, as well as the constant of torsion of the suspension 
thread, which is naturally known. 

It will be seen that this apparatus is actually an absolute 
manometer, for the quantities M, T, R, and a> are known ; the 
angle of twist, too, can be measured by means of a beam of light 
reflected from a small mirror attached to the quartz thread 
suspension. 

The unknown, p, can at once be calculated. The sensitivity 
increases with increase of the velocity imparted to the rotating 
disc, a velocity which can be regulated. 

Pumps for High Vacua 

Considering how very important high vacua have now become 
in industrial practice for the preparation of X-ray tubes and 
valves for radio work, we ought to devote many pages to describing 
modern pumps and the apparatus used for measuring the very 
low pressures which can now be obtained ; but we cannot treat 
the subject at any length, and so must refer the reader to special 
books.* We can, however, give a short account of the most 
important apparatus. Gaede (1913) devised an interesting 
application of the property of rarefied gases in his molecular pump, 
which is capable of giving a high vacuum in a short time. It is 
based on the so-called principle of the moving wall. A moving 
wall drags the neighbouring gas with it, communicating to the 
molecules which rebound from it a velocity component parallel 
to that of the wall, this component having a mean value which 
is not zero. It is as if the molecules condensed on the wall and 
were then evaporated from it after a short interval of time, 
leaving it in all directions. If, now, the wall be moving in a 
certain direction, all the molecules take, on the average, a velocity 
component parallel to that direction. In this way it is possible 
to produce a suction effect on the gas if the initial pressure is 
sufficiently low. If this condition is not fulfilled, the collisions 
between the molecules destroy the effect of the wall. 

The diagram of Fig. 19 represents the pump invented by 

♦ See, for instance. La Technique du vide, by Dunoyer ; High Vacua, by 
Dushman. 
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Gaede ; it will be seen that in the bronze cylinder, which is the 
rotating part, there are cut several circular grooves, those nearer 
the centre being deeper so as to afford a larger channel for the 
flow of the more rarefied gas. The projecting teeth (C) fit into 
these grooves, and both together make up a kind of comb. The 
inner surface of the containing vessel is very close (0-1 mm.) to 
the moving face of the cylinder. At two points in the vessel, 
n and m, are openings which form the outlets of two tubes, one 



Fig. 19. — Gaede’s molecular pump. 

of which leads to the apparatus to be evacuated, the other to a 
space in which a backing vacuum of several tenths of a millimetre 
is maintained. 

There is a series of grooves (F) so arranged that the gas 
accumulated in the space «i is carried into the space n^, which 
is opposite to m and symmetrical with it about the median plane. 
The outlet from communicates with n, and in this way the 
apparatus is equivalent to two neighbouring pumps in scries. 
The number of revolutions may be 6,000 to 8,000 per minute. 

Holweek's molecular pump (see Journal de Physique, Vol. 4, 
p. 534, 1923) depends on the same principle as Gaede’s. The 
rotating part is a smooth cylinder, while the stationary containing 
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cylinder has no projections but spiral grooves which increase in 
depth towards the outlet. The clearance between the fixed and 
moving parts is 0-03 millimetre. 

Another type of pump for high vacua is based on the 
phenomenon that a jet of vapour from boiling mercury drags 
molecules of gas along with it (Langmuir’s and Volmer’s pumps). 

What are the vacua attainable with these pumps ? One might 
justifiably say that the degree of rarefaction which it is possible 
to obtain with the Holweek pump or with the mereury vapour 
pump is unlimited. This must be understood in the sense that 
the limit to the rarefaction produced in a vessel is no longer set 
by the pump, but by other things such as the cleanness of the 
walls (the complete elimination of oils which give off vapour), 
the presence of occluded gases or of gaseous films adhering to 
the metallic parts, taps, etc. 

The pressures which may be attained by eliminating to the 
utmost possible cxtcait all the above-mentioned sources of gas 
are frequently below 10“" mm. of mercury. At j^resent, however, 
there is no instrument which will give an accurate measurement 
of the vacua obtained. By using electrical methods of estimation, 
some physicists claim to have obtained pressures of the order 
of 10” mm. of mercury. It is generally considered that the 
technique of high vacua has reached the stage of giving residual 
pressures of the order of 10“^ mm. of mercury. To give an idea 
of what this vacuum means it is suflicient to note that there will 
remain about 5 milliards of molecules per cubic centimetre. Yet 
this number is so small compared with the number of molecules 
present under ordinary conditions, that it is difficult to detect 
the presence of these residual molecules by experimental means. 

We may, just as a matter of interest, compare this lowest 
attainable pressure with the difference of pressure which the 
human ear is capable of detecting. Experiments carried out 
within the last few years have shown that the human ear can, 
for frequencies lying between 500 and 8,000, respond to differences 
of pressure of 0*001 bar (1 bar = 1 dyne per sq. cm.), equivalent 
to a pressure of about 10"“^ mm. of mercury. 
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Our ear, then, is sensitive to pressures of one-millionth of a 
gram per square cm. These feeble sounds correspond to a power 
of the order of watt.* This is the so-called limit of audibility. 

Manometers for Measuring very low 
Pressures 

These are of several kinds. The principle 
of Sutherland’s manometer is illustrated in 
Fig. 20. 

A thin disc of glass is suspended between 
two horizontal plates N by a thread which 
carries a small mirror S, which is viewed 
through the window I by means of a telescope. 

The suspension head L is of iron and can be 
rotated by means of an external magnet so 
that the disc can be set into oscillation 
as a horizontal pendulum. Its vibrations, 
however, are damped and the damping can be 
observed with the telescope. If and Sg be 
two successive amplitudes, the theory of 
damped oscillations shows that the ratio 
Sj/Sg is constant with respect to time and 
that, in fact, S^/Sg = where T is the 
period. 

It will be seen at once that this will give „ 

.1 p ^ 1 • 1 • 2^- — Viscosity 

the pressure oi the gas present, which is manometer. 

responsible for the damping. 

Bushman’s manometer is that to which n^ference has already 
been made ; a diagram is given in Fig. 21. 

BB is a glass bulb, A is the rotating disc made of aluminium, 
and connected by means of the stem II to the magnetic needle NS ; 
GG is the Gramme ring which maintains the oscillation ; C is the 

* The average intensity of human speech at 10 cm. from the mouth is 
0-01 microwatt, i.c., 01 erg per second ; therefore the excess pressure is 
2 bars as compared with 10® bars, the normal pressure. The Americans in 
speaking use a power of 10 to 15 microwatts (the lower figure corresponds 
to speech with intervals of silence, the higher number to uninterrupted 
speech). 
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mica disc, F its thread, M the mirror indicating the angle through 
which the mica disc is turned.- 

The ionisatio7i valves which act as manometers at low pressures 
are, in essence, three electrode valves like those used in 
radio-telegraphy. The principle on which their use is founded is 
that if, in a gas at low pressure (argon for example), a stream of 
electrons emitted from an incandescent filament travels towards an 



Fig. 21. — Molecular iiiaiiomcter 
of Langmuir and Dushman. 


anode, these electrons ionise the 
molecules of the residual gas in the 
bulb so long as their velocity u, 
due to the accelerating field, is 
such that \m7i^ > V.e (kinetic 
energy > total work required). 
This will be explained in Vol. II, 
Chap. II ; m indicates the mass of 
the electron, e its charge, V the 
ionisation potential of the gas, 
i.^., that fall of potential sufiicient 
to remove an electron from the 
atom. The positive ions produced 
can be collected on an electrode 
and the intensity of the ionisation 
current so obtained measures the 
pressure of the gas. 

The three electrodes may be 
arranged in different ways : in 
one type the internal filament 
is the incandescent cathode and 
concentric with it is a filament 


in double spiral form wound round it. This serves as the 
anode, and a cylinder outside the two filaments acts as the 
collector. 


Once the curve connecting the pressure with the ionisation 
current is known, the instrument is ready for use. 


The kinetic theory of gases successfully provided the means for 
calculating the velocity with which the molecules moved, the 
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number of collisions which they made per seeond, their dimensions 
and the number of them in a cubic centimetre. In spite of these 
wonderful successes, however, it did not suecced in inspiring 
unbounded faith in the atomic conception of matter, perhaps on 
account of the extremely great or extremely small magnitudes 
which occurred in the results. Ostwald, a chemist of great repute, 
in a memorable lecture delivered in 1904, in which he relied solely 
on the principles of kinetics, opposed the new scientific tendency 
and the new doctrine. Cannizzaro, a strong advocate, was at the 
end of his career, but there appeared in Perrin an energetic 
supporter and an acute investigator who could pile fact upon fact 
and research upon research. 

A phenomenon which early exerted an enormous influence on 
the development of the new physics, by demonstrating plainly the 
discontinuity of matter and the independent movements of the 
particles composing it, was the Brownian movement. It was to 
this, then, that Perrin devoted his wonderful genius for refined 
experiment, while Einstein formulated the underlying theory. 
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CHAPTER IV 


FLUCTUATIONS 

Thermodynamics and Statistical Mechanics. — Entropy and 
Probability 

The principle of the conservation of energy is an absolute 
principle valid equally well for a single molecule and for a mass of 
gas containing a large number of molecules. On the other hand, 
Carnot’s principle* (1824) is a statistical result which holds only on 
the macroscopic scale, that is, for phenomena averaged over many 
molecules. If the temperature of a gas which has been carefully 
isolated from all external influences is not varying, the average 
kinetic energy of its molecules, which serves as a measure of the 
temperature, remains constant. The kinetic energy of a particular 
molecule, however, taken in the interior of the gas, is continually 
changing, owing to collisions, and at a point where by chance the 
molecules are moving more rapidly, the temperature is a little 
greater than that determined. Where certain molecules of lower 
velocity collide with the wall the pressure will be less, and where 
the molecules are moving upwards against the force of gravity the 
temperature locally must be lower than that observable for the 
gas taken as a whole. 

Thus when attention is concentrated on elements of volume 
which are sufliciently small, the statistical character of physical 
laws is clearly apparent, and from the point of view of kinetic 
theory the uniformity of density and temperature presumed by 
thermodynamics are realised only on the average and on condition 
that we do not attempt to verify them for volume elements not 
containing an immense number of molecules. In reality, there 
occur fluctuations about the average state, which although small 
and irregular, are in certain cases perceptible, that is to say, 
accessible to experiment. It is evident that these fluctuations 

* The second law of thermodynamics. 
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will be more pronounced the smaller the elements of volume 
investigated. 

Regarding the question from another point of view, we may say 
that if it is attempted to explain in terms of the mechanics of 
molecules, an irreversible phenomenon such as the diffusion of 
two gases one into the other, taken at the same temperature and 
pressure, a serious difficulty is encountered. The movements of 
the molecules are, in fact, supposed subject to classical mechanics, 
and arc therefore essentially reversible, ?.e., capable of being 
reproduced in the reverse sense. If at a given moment one 
imagines the velocities of all the molecules exactly reversed, the 
gas will pass through again in the opposite order, the series of its 
previous states. In particular, if a mixture arising from the mutual 
diffusion of two different gases is considered, the two gases will 
become separated once more. Now experience demonstrates the 
impossibility of such a spontaneous separation which would be 
opposed to Carnot’s principle, although perfectly compatible with 
the laws of mechanics. 

Maxwell, faced with this difficulty, devised an ingefiious 
explanation which later was to be the germ of the complete 
solution given by Boltzmann. Carnot’s principle is established 
by “ macroscopic ” observations, that is to say, observations 
referring to complex systems formed of a great number of 
molecules. The magnitudes which are dealt with in thermodynamics 
— the temperature and pressure of gases, for example — define 
merely an average state for all the molecules contained in a fixed 
volume. There is no experiment which shows that the principle is 
valid for microscopic phenomena, phenomena on the molecular 
scale. It is, in fact, possible to imagine molecular mechanisms which 
would enable experiments in contradiction to the principle to be 
carried out. Consider, for example, a gas at uniform temperature 
occupying two chambers separated by a wall, and imagine a 
minute and agile spirit able — ^by sliding aside a tiny window — to 
open and close for a brief instant a small aperture in the separating 
wall. This imp could by suitable manoeuvring allow the more 
rapid molecules of one chamber to pass into the other, and the 
slower molecules of the latter to pass in the reverse direction into 
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the first chamber.- He would by doing this have created an 
inequality of temperature without the performance of external 
work, in defiance of Carnot’s principle. Now what Maxwell’s 
demon could contrive to accomplish without loss of energy might 
come about tlirough a sequence of fortunate coincidences among 
the molecules, without external intervention. Carnot’s principle 
cannot therefore be applied in following the phenomenon in detail. 
It will be found to be invalid by an intelligence sufficiently refined 
to deal with the molecules individually. 

The study of Brownian motion confirms this point of view 
according to which Carnot’s principle loses its absolute significance. 
The equilibrium configurations which the principle allows us to 
predict as rigidly fixed, correspond in reality only to average 
aspects about which matter is in continuous vacillation. 
Fluctuations occur which become more and more important as 
the number of molecules present decreases. It is to Boltzmann 
that we are indebted for the development of this idea and for the 
explanation of why Carnot’s principle, which ceases to be valid 
when phcmcnona are studied on a scale approaching the molecular 
scale, has never been found wanting in the investigation of 
“ macroscopic ” or average effects. 

The magnitudes we measure arc mean values calculable for 
maximum probability, and measurements carried out on 
sufficiently small volumes deviate from the mean value by an 
amount which varies with position and with time. This is the 
phenomenon of “ fluctuations.” 

Consider a mass of gas. According to the kinetic theory, to 
define the state of the gas an enormous number of independent 
data (parameters) must be given, namely, the co-ordinates and 
velocity components of all the molecules. On the practical side 
the mean values of certain magnitudes extended over a large 
number of molecules, actually over the whole mass, are investigated 
(pressure, volume, temperature). 

As the precise state of motion of each single molecule is not 
accessible to observation, recourse is had to probability methods, 
and a statistical mechanics is constructed. The construction of 
the statistics means the discovery of the law of distribution of the 
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molecular velocities, and this law has been duly given in p. 54, 
It is clear, however, that one and the same mass of gas definitely 
determined from the thermodynamic standpoint, can occur in 
practice with very numerous and varied combinations of the 
molecular parameters. Using an expression due to Gibbs and 
Boltzmann, we may say that a great number of different 
complexions of the molecular parameters can correspond to the 
same macroscopic state. A given state of the gas is the more 
probable the greater the number of complexions for which the 
state is realised. It is natural to admit that given a gas in any 
state initially, it will tend towards the more probable states. The 
number of complexions W corresponding to a given state is taken 
as the measure of the probability of that state. As the entropy, 
like the probability, also tends always to increase, the combination 
of the two concepts into one can be arrived at simply by assuming 
the entropy S to be an increasing function of the probability W : 

S =/(W). 

The form of the function / is determined immediately by the 
fact that for two independent gases the total entropy is the sum 
of the partial entropies (S = + Sg), and if and Wg are the 

probabilities of the states of the two gases, these states being 
independent, the probability of their simultaneous occurrence 
equals the product W = X Wg. It follows that the entropy 
must be a logarithmic function of the probability. Suppose, 
in fact, 

S = Alog W (1) 

The two entropies of the separate gases, expressed in terms of the 
corresponding probabilities, are : 

Si = ^-logWl Sg - yiMog Wg. 

The total entropy S should be given in terms of the probability 
W of the whole system, by 

= klog W. 

This lollows immediately from 

S = Si + Sg and W = Wi X Wg. 

The fundamental relation (1) established originally by Boltzmann 
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for a gas is now general. It connects in an extremely simple way 
the entropy of a system with the logarithm of its probability. As 
a consequence of this result, the second law of thermodynamics 
becomes a statistical truth applicable only to systems which 
depend on a large number of molecular parameters. The 
equilibrium state predicted by thermodynamics, i.e., the 
configuration of maximum entropy, now appears as the most 
probable but not tlic sole possible configuration of the system 
which in the course of time passes through all the possible 
configurations in the proportion of their probabilities. 

The most probable configuration is merely the one most 
frequently assumed ; it will be more predominant the greater the 
complexity of the system. Fluctuations about this state must, 
however, occur, and it will shortly be seen how the relation (1) not 
only allows the magnitude of the fluctuations in any particular 
case to be predicted, but also enables molecular magnitudes to be 
deduced from experimental measurements of the fluctuations. 

Nowadays we express ourselves in such terms as, it is extremely 
improbable that the density at a point in a gaseous mass in 
equilibrium will vary in the ratio 1 to 2 ; it is most unlikely that a 
hectogramme weight hung by a rope will rise a metre in tlic air 
as a result of Brownian motion ; it is enormously improbable that 
two gases mixed together will separate spontaneously by diffusion, 
and so on. 

Existence of Fluctuations — Utilisable Energy 

From the point of view of the kinetic theory, then, the 
uniformity of density and temperature assumed in thermodynamics 
is only realised for average values and on condition that it is not 
attempted to extend the verification down to too small elements. 
Actually thermal equilibrium is a mere semblance masking the 
agitation of the molecules. Deviations from the mean state, i.e., 
fluctuations, occur, and although these are certainly small, it is 
possible for them to become accessible to human observation. A 
micron cube drawn about a point in a gaseous mass does not 
contain always the same number of molecules, or, in other words, 
has not always the same density, and the temperature at the point 
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is fluctuating, but the problem is to reveal these deviations with a 
thermometer. Also the pressure exerted on a square micron of 
the wall is not the same in successive instants. 

To conclude this recapitulation, the existence of fluctuations 
is contrary to Carnot’s principle in its old rigid form, but is 
compatible with it if one regards the principle as a statistical law. 
In that case we say simply, that thermodynamic equilibrium 
corresponding to maximal entropy represents a statistical 
equilibrium corresponding to the most probable state, the other 
states not being excluded but being less likely the more they 
deviate from the most probable state. 

The study of fluctuations is approached in the light of the 
above remarks. The general law was given by Einstein. Smolu- 
ehowski applied it to a number of interesting eases which we shall 
mention. 

Consider to begin with a gas. It has been seen that the entropy 
is related to the probability of the system by Boltzmann’s relation 
S ™ A: log W. Passing from the equilibrium state characterised by 
the maximum entropy Sq, to which corresponds the maximum 
probability Wq, to the neighbouring state characterised by the 
probability W, we have : 

W 

S - So - A: log _ , 

” ^ Wo 

from which it follows that 

w = 

But given two entropies, S and Sq, it is clearly possible to pass 
from the state corresponding to the entropy Sq to the state 
corresponding to S, maintaining the temperature constant, and in 

that case the difference (S — Sq) is merely the ratio ^ of the 

energy utilisable externally (the external work) to the temperature, 

since do = — . 

T 

Thus we may write : 
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JL 

probability W — (2) 

where A is a constant. 

This established, wc show that the constant k occurring in the 


above expression for the probability W is merely 


R 

N’ 


where R 


denotes the perfect gas constant and N is Avogadro’s number. 
Only a sketch of the proof will be given in order to avoid 
complications and to enable the more interesting conclusions to 
be reached without delay. 

In dealing with Maxwell’s law for the distribution of velocities 
in a gaseous mass, it was seen that the probability of a molecule 
having components of velocity u, u, te, is expressed in this way : 

probability of a molecule having kmetic energy 
f{u, u, w) = ^ 

But the discussion of the distribution of velocities was made 
without reference to the height, varying from instant to instant, 
to which the molecule rises in its motion. Gaseous masses were 
considered, which on the whole were of limited height. It was 
always kinetic energy that was referred to and never potential 
energy, or, as one might say, the molecules were assumed to 
have mass but not weight. When, however, gaseous masses of 
unlimited height are considered, it is necessary to admit that a 
rising molecule acquires potential energy equal in amount to the 
kinetic energy lost. It is easy to see how, by an extension of 
the above formula, the probability of a molecule having total 
energy E comes out to be : 


probability that a molecule has energy E 

ae = ae ^ 

N 

where 2 AT = — (see p. 61). 

R 



We are only concerned here with the relationship between 
(2) and (3). The latter refers to a single molecule and not to an 
assembly, the reverse being the case for (2). The fact remains, 
however, that the probability for the assembly is given by 
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the product of the probabilities for the individuals, and by 
multiplying together expressions of the type (8) for the different 
molecules, the exponentials add up and the result must reduce 
to (2). From this relation the following noteworthy result can 
be deduced : 

1 

from which wc have 

A: == ? = 13-7 X 10“ 

N 

as was asserted, k is termed Boltzmann'' s constant. 

To sum up, the probability W that a gaseous mass will be in a 
state from which the utilisablc energy E can be withdrawn, is : 

W == Ke iiT 

We now come to the last step in the derivation of an extremely 
important result. If the above expression for W is compared 
with that giving the probability of occurrence of an error A 
(Gauss’ Law), which takes the form ; 


W = 



- a*A« 


we see that just as the constant is related to the mean square of 

the error, by the very simple formula : i — mean square of the 

2a 

error, so the mean value of the external utilisable work E is related 

N 

to — by an equivalent equation. This is at once seen to be 
RT 


Mean utilisable external work 
RT _ 8*32 X 10^ 
^ ”” 121-2 X 10^^ 


. T = 6-85 X 10 


~ 17 


. T. 


This important and simple result we might have anticipated. 
It tells us that the utilisable work equals one-third of the kinetic 

3 RT 

energy of a molecule, the latter being given by - — . 

To show how this relation comes about, we consider a mass of 
gas contained in a parallelepiped, the walls of which contain 
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innumerable minute pistons arranged close together and normal 
to the wall. (See Fig. 22.) 

In a given time, a large number of molecules, say a milliard, 
will impinge on the wall ; but an equal number carrying the 
same energy will strike the pistons of the opposite wall. Tl'e 

kinetic energy of a molecule 
is known to be on the average 
3 RT 

- — , but the energy which 

A JN 

can be abstracted from a 
molecule striking a piston 
amounts on the average to 
RT 

only - that is, a third part 
j 2N 

3 RT 

of - since only on^ of 

the components of vcloc^^ 
comes into account. 

If it is desired to perform 
external work by making use 
of the system of pistons for 
converting the kinetic energy 
into work, it is evident that the amount obtainable from the mass 
of gas will be very small, because in a given time the numbers^ of 
molecules received by the pistons on the right and on the l^ft 
respectively will be equal and the velocities in the two groups 
will on the average be the same. At first sight it appears that 
the utilisable work must be zero. That is not the case, however. 

If the time interval be mentally restricted so that instead of a 
milliard a much smaller number of molecules is involved, until 
finally the symmetry associated with large numbers no longer 
holds, and the impact of a molecule on the right-hand wall is 
not accompanied by an impact on the left-hand wall, then it will 
be possible to extract from the whole mass of gas (however large), 

RT 



on the average, energy of amount 
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A question which will occur to the reader is how the entropy 

dQ 

which is defined by the relation dS = can conform to the 

apparently entirely different definition, S = k log W. 

It is easy to see that the two definitions agree. Differentiating 

S = k log W, we have dS = A: ^ dW. Now dW, the increment 


in the number of complexions, is clearly given by the quotient 
/R 

dQ / j^T, for dQ rejiresents the increment of the quantity of heat, 

R 

and each complexion (degree of freedom) absorbs an amount 


Thus 


1 R dQ 

^* = ‘w<‘W = N— R- 
W.^T 


(iQ2 
T W 


In this way the statistical significance of entropy is clearly 
bronglit out. If heat is added to a body at a certain temperature, 
dQ 

the quotient is a (juantity proportional to the immediate 
increment in the complexions W. 


General Law of Fluctuations (Einstein) 

The result obtained above for a gas is assumed to hold for any 
system which, although apparently in a steady state, is subject 
to very small, spontaneous fluctuations from which external work 
can be derived. For example, a spring or a tuning fork will 
execute spontaneous oscillations of average potential and kinetic 
RT ^ . 

energies of amount Considering a closed electric circuit 

spontaneous variations of the current will occur, the energy of 

RT LI2 

which is always given by the equation , where L denotes 

the inductance of the cireuit, and I is the maximum value of 
the current passing. This relation furnishes a value for I. 
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To ascertain the range of the spontaneous oscillations of a 

RT bx^ 

spring, we equate the quantity to — , where b is the constant 

of deformation of the spring, i.e., the force required to produce 
unit deformation, x — 1. 

This general law of fluctuations is due to Einstein. It has 
been established here only for gases, but it is easy to see how it 
can be extended to any system. 


Smoluchowski’s Theory of Density Fluctuations in a Fluid — 
Critical Opalescence 


We wish now to determine the law relating the probability W 
to the “ condensation ” which takes place in a gas owing to 
fluctuations of density. 

Consider an element of volume of a gas, (f>, containing 
molecules of mass m. If v is the specific volume (volume of 
unit mass), mn^v represents the actual volume occupied by the 
tIq molecules. The external work performed in passing from the 
pressure to the pressure p equals : 


{V—Vo)dv 


( 1 ) 


which is the sum of the partial works. If this integral is developed 
in a series stopping at the first term, we find : 


L = mn, 


^dp {v - j ^ 


L3y„ 


mn, 


dp 




( 2 ) 


y has been put equal to 


V — Va 


-, which clearly represents the 


instantaneous condensation. 

We know that for a perfect gas pY = RT, where V is the volume 
of a gramme- molecule. Thus V = j^^Nm and = RT. It 

dp RT 

follows that ^ and inserting this value in (2) we 

obtain 


L = 


«o 


2 
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Filially, since the probability of a state for which the 
corresponding available work is L, equals 

NL 

W = 

we have, assuming the value for L just found, 

probability associated with the condensation of specific volume y ; 

— Y* 

W = Ae ^ (3) 

This relation is none other than the well-known error law of 
Gauss expressed in the formula 

W = v/- dA 

” TT 


and we are well acquainted with the relation which exists between 
the constant B and tlie mean error. In our ease the mean error 
is the fluctuation of the condensation. Both the simple mean of 
the error and the mean square are known as functions of B, the 

1 1 
former being ^ g and the latter 

Thus making use of (3), we have immediately : 


1 

mean square of the condensation y^mean ~ ^ ~ ^ 


tin 


This is a very important result. Instead of volumes we think 
now of the number of molecules contained therein. Since this 


number is proportional to the volume. 



may be written in 


V — Vq 

place of = y, and we have, employing the equation 

^ 1 

y mean *, » 

«Q 

== 1 or = i- 

\ ^ / mean ^0 ^0 ^0 

and finally, (■^** 0 )® = Hq- 

This last relation is also written in the form : 


An = Vn 
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The mean deviation inereases with the square root of the 
number of particles concerned in the observation. 

If in a large restaurant the average number of glasses n broken 
in a day equals 100, the fluctuation of this number will amount 
on the average to 10, where it is understood that in arriving at 
the fluctuation, the square root of the average of the values of 
Aw® obtained daily, is to be used. 



It can easily be shown that the average condensation y, 

V — 


Vr 


obtainable by taking the arithmetic mean of the values 
is given by : 

average condensation y = \J 

V ttWo 

For a gas at normal density, there are 60 x 10®* molecules 
contained in 22,400 c.c. In a cubic centimetre, therefore, the 
mean fluctuation will be of the order of 10“^®. In this case there 
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can be no hope of experimental verification. If the volume 
considered were a 1 micron cube, the mean fluctuation would be 
rather larger, and it would amount to 8 per cent, for a very small 
space containing only 100 molecules. 

The case is altered in favour of much larger fluctuations of 
density if the gas is in the neighbourhood of the critical point. 
It may be recalled here that at the critical point the compressibility 
curve of the gas, the curve showing the connection between the 
pressure and the specific volume, becomes horizontal over a 
certain length, and possesses a point of inflection, so that for a 
small variation of the pressure, there occurs a very marked change 
in the volume. 

The curve then not only has a horizontal tangent, but for a 
certain length is truly horizontal. (At the point P in Fig. 23.) 
Analytical geometry indicates that at the point of inflexion the 
dp d^p 

derivates ^ ^ ^ will both be zero. Reconsidering the develop- 

OVq OVq^ 

ment in scries of the integral I (p — Po)dv which was previously 

Jvo 

confined to the first term, it will obviously be necessary to repeat 
the calculation, taking into account terms after the first. At the 
place where the characteristic equation of the perfect gas pV == RT 
was introduced, in the case of a gas near to liquefaction we must 
employ in the analysis the equation of an imperfect fluid which 
obeys, not the simple law, but a modified form such as that of 
Van der Waals. 

The expression arrived at is in fact the following : 
mean flicctuation of the condensation at the critical point 

ymean “ I*1 ^/a/^0 

independently of the nature of the fluid. 

Thus it is clear that a small volume containing 10® molecules 
can give rise to a sensible fluctuation, for \/ 10® = 100, and we 

are now in the region of a 1 per cent, effect. 

The example just given, n^ = 10®, corresponds to the consideration 
of fluctuations occurring in a small cube whose dimensions are 
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of the order of the wave-length of visible light, and the result 
obtained explains why highly conipressed fluids near the eritical 
point appear opaleseent and emit bluish light (eritieal opalescence). 
The path of a pencil of light through the fluid then becomes 
visible just as in air charged with smoke. The opalescence is 
stable, and is the effect of a slight heterogeneity of the fluid in 
which there occur contiguous regions of sensibly different density. 
Some swarms of molecules are condensing, other swarms arc 
expanding, the range of the variations being such that the effects 
produced are perceptible to human observation. 

We now observe that an emulsion, a kind of fluid with 
visible molecules, will also exhibit fluctuations of density, or, as 


n — Hq 

it is better to say, fluctuations of condensation, . From 

the experimental measurement of these it is possible, by counting 
the particles, to verify Smoluehowski’s formula and to arrive in 
this way at the value of Avogadro’s number, as will now be seen. 


♦Determination of Avogadro’s Number from the Fluctuations 
of Particles in Emulsions and from Critical Opalescence 

The particles in emulsions behave like gas molecules. Emulsions 
obey the gas laws, the osmotic pressure taking the place of the 
usual elastic pressure. The fluctuations in the concentration of the 
particles are measurable by photographing in successive instants 
a given layer of the emulsion, which must of course be in 
equilibrium, and then counting the relative numbers of particles. 
It will thus be possible to determine if the average value of the 

condensation y equals xj and if the mean square of the 

V 7T 71 Q 

1 

condensation equals — , as required by the theory. 

Uq 

Moreover, if the volume under observation is it is easy to 
show, using the analysis reproduced above, that 


1 RT 1 1 

71q N (f>VQ dp 

dvo 
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The meaning of the symbols has already been given ; is the 
dv^ 

specific volume and the compressibility when the temperature 
is kept constant. 

Considering an emulsion which, as mentioned above, is a kind 
of iluid with visible molecules, the compressibility is known 
from the law of change of concentration with height. The 
specific volume is also known, and the data necessary to 
derive Avogadro’s number N from the equation just given are all 
available. Obviously the constancy of the values of N obtained 


provides a further verification of Smoluchowski’s theory. Using 
this method N was found to be 60 X 


The theory was completed by Kecsom, who set out to find the 
intensity of the diffused light in critical opalescence. 

The theory considers the refractive index /x of a particle which 
produces elementary diffraction, the refractive index of the 
surrounding medium, and the wave-length A of a monochromatic 
light ray, and leads to the following expression for the intensity of 
the light scattered laterally in a direction at right angles to that 
of the incident beam, by a small element of volume (/>, the intensity 
of the incident light being put equal to unity : 

277 / /i ~ 

'^^0 \ /^o / 

Thus the scattered light intensity varies inversely as the fourth 
power of A, which explains why, if the incident light is white, the 
scattered radiation will be blue, spectral colours of small wave- 
length being diffracted most. But Lorentz’ theory indicates that 

for light of a given wave-length, the expression - remains 

d -f 2 

constant with respeet to variations of the density d of the medium. 
A simple differentiation shows that 

^ ^ — 1) + 2) d — d p 

dp 

The ratio — - — ? is merely the condensation considered in the 
«o 
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preceding paragraph, where density fluctuations were discussed. 
The mean fluctuation we know to be 

op 

Observing that Aq/xq = A, the quantity of scattered light per 
cubic centimetre according to Keesorn’s theory assumes the form 

i = ^ (ao2 _ l)2(a 2 + 2)2 — 

— Vn-~- 

at’o 

The details of the calculations, which are not essential, have 
been passed over. The result puts us in possession of a new 
method for the determination of Avogadro’s number, for all the 
quantities occurring in the formula can be measured with the 
exception of the single unknown N. Measurements made on 
ethylene whose critieal temperature is at 11-18 degrees absolute 
gave, at 12*18 degrees for the ratio of the intensity of the yellow 
incident light to that of the scattered light, the value 1 : () ()008. 
The compressibility was known from curves analogous to those 
of Fig. 23. The index of refraction for the wave-length of 
the light used and the specific volume were also known, so that 
in the above expression N remained the sole unknown and could 
be determined. 


The Blue of the Sky and its Relation to Avogadro’s Number 

It is well known that the path of a ray of light traversing a 
medium containing powder in suspension is visible. It is this 
lateral scattering which frequently renders the sun’s rays visible 
in the air, and advantage is taken of the effect in ultramicroscopic 
observation. The diffracted opalescent light, as has been seen, will 
tend to be blue because the different monochromatic colours arc 
differently diffracted, the violet being sixteen times as intense as the 
red of double the wave-length, which follows from Keesom’s result. 

Lord Rayleigh in 1871* developed a remarkable theoryf in which 
he supposed that the molecules of air, widely separated and 
immersed in the void, would act in the same way as the particles 
of a powder and become diffracting centres, because their refractive 

* Phil. Mag., 1871 and 1899. 
t This, in fact, was Keesom’s starting-point. 
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index would be different if only by a very small amount from 
that corresponding to a vacuum. Since rays of short period arc 
the most diffracted, the blue colour assumed by the sky when 
viewed in a direction perpendicular to the sun’s rays is explained. 
It is, moreover, difficult to admit that the effect is due to the 
existence of atmospheric dust, because the blue of the sky is no 
less pronounced when it is observed on high mountains, in wooded 
areas where there is no trace of the dust which infests the air in 
the near neighbourhood of the ground. If the phenomenon is 
due to the molecules singly, then it is closely related to that 
presented by condensed gases, where the diffracting centres arc 
clusters of molecules in a ceaseless and orderless process of 
formation and dissolution. It is not difficult to realise how the 
electromagnetic theory developed by Lord Rayleigh (1842-1919) 
leads to an expression for the diffuse light of the sun which is 
completely analogous to Keesom’s and to the more complete 
solution of Einstein, to whom we owe, among many other things, 
the electromagnetic theory of opalescence. 

In the air we have actually to deal not with a pure gas but 
with a mixture. It may be assumed without sensible departure 
from the truth that the refracting powers of the components are 
the same. 

We take, then, Kccsorn’s expression 


_2 1 onp 1 

i = — — (Un* - 1)2 (uo2 + 2)2 _ . . . (1) 

18^4VJ*o ; vp-o -r ; ^ \ ; 

- 

per c,e. of fluid, and assume that the diffuse light of the sky 
depends on fluctuations in the density of the air. 

02? 

It follows from Mariotte’s law that — Uq — = p. As p is 

0WO 

equal approximately to unity, for the coeflieient + 2 the 
value 8 can be substituted. 

(1) becomes then : 


= , r 2 -1 (^ 2 _ 1)2 ^ 

2A* ’ 


Np 

i = intensity of the light emitted laterally by 1 c.c. of gas. 
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Lord Rayleigh’s theory leads to just such an expression for 
the diffuse light of the sky, obtained by integrating the light 
diffracted by the individual molecules assumed arranged perfectly 
at random. In the result is given the ratio of the brightness 
obtained at the focus of a telescope objective pointed in turn at 
a given region of the sky and directly towards the sun. The 
region observed is defined by its zenith height (an angle a) and 
the angle with the sun’s rays jS. These two angles must occur 
in the final result, which will also contain the number of molecules 
N (representing the concentration of diffracting centres) as well 
as the atmospheric pressure upon which the concentration also 
depends. 

Rayleigh’s calculation, it may be noted, takes no account of 
the reflecting power of the ground, which may be considerable, 
as for example when the ground is covered with snow. It 
furnishes yet another method for the determination of N. The 
first indications of a derivation on these lines were based on the 
measurements of Quintino Sella, who from the top of Mt. Rosa 
made comparisons between the brightness of the sun at a given 
height and the brightness of the sky at the zenith. Subsequent 
measurements by French and American * physicists have led by 
this method to values of N ranging round 60 X value 

with which we are already familiar from numerous other methods. 
Thus no doubt remains as to the correctness of the theory, and 
the blue of the sky is shown to be one of those phenomena which, 
as Perrin puts it, translate the structure of fluids in equilibrium 
into the realm of human observation. 

In Chaps. V, VIII, and in Vol. II, Chap. VI, we shall have 
occasion to discuss other applications of the theory of fluctuations. 
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ELECTRONS AND POSITIVE RAYS 
The Atom of Electricity 

It was in 1833 that Faraday showed that the passai^c' of a 
^iven quantity of electricity through a solution containing a 
chcniical compound of an clement resulted in the dc'position at 
the electrode of a fixed and unvarying quantity of this clement, 
whatever the nature and concentration of the compound in 
solution ; this implies that every atom reaching the electrode is 
accompanied by the same unit quantity of cleetrieity. When, 
somewhat later, it was found that all the atoms which were 
chemically monovalent carried the same quantity of electricity, 
tiuit divalent atoms carried twice as much, and tliat, generally, 
the valency was strictly proportional to the quantity of electricity 
carried by the atom, the atomic theory of electricity was virtually 
discovered. 

B\it however clear the conclusions to be drawn from the laws 
of electrolysis ought to have been, they remained quite unfruitful 
until the end of the century as regards their interpretation from 
the point of view of the nature of electricity and its connection 
with matter. 

Maxwell’s theory, and the striking experiments of Hertz which 
brought it to a triumphant conclusion, had distracted the thoughts 
of physicists from the existence of atoms of electricity and 

concentrated attention on the ether and on the waves which 

* 

were transmitted through it and could be polarised and diffracted, 
as these showed that light must be considered solely as an electro- 
magnetic vibration. 

It was not until 1874 that Stoney, in Belfast at a meeting of 
the British Association, and later (1881) Helmholtz, demonstrated 
the deduction of outstanding importance which could be drawn 
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from Faraday’s laws of electrolysis ; the quantity of electricity 
which passes through an electrolyte is composed of particles all 
equal to each other, and independent of the ehemical nature of 
the matter which carries them. Each atom of matter always 
carries, during electrolysis, a whole number, equal to its valency, 
of atoms of electricity. 

When a gramme-atom of a monovalent ion, for example, 107-9 
grammes of silver, is deposited at the electrode, it is always 
accompanied by the passage of the same quantity of electricity, 
viz., 96,494 coulombs.* 

Since one coulomb is equal to 3 x 10* C.G.S. electrostatic 
units, we may write the relation between the coulomb and the 
N.e charges of which it is composed as follows : — 

N.e = 96,494 X 8 X 10* 
where N is Avogadro’s number. 

Taking for N the value 60-6 X 10**, which is obtained by a 
critical averaging of the figures obtained by various methods, 
the value of the atom of electricity is found to be 

e — 4-77 X 10~i® C.G.S. electrostatic units, or 1-59 x lO”^® coulomb. 
Cathode Rays 

Those physicists who, thirty years ago, studied the phenomena 
of the passage of electricity through gases, were most happily 
inspired, for among the maze of intricate phenomena wliich they 
observed, there are some of extreme simplicity in which the 
properties of individual atoms of matter and of electricity are 
clearly indicated. 

In analysing these facts, they started on a road which led 
them straight to an intimate knowledge of matter, and modern 
physics is based on the results of their labours. 

Cathode rays, which were intensively studied by Crookes in 
1879, were one of the first phenomena in which it became clear 
that there was a universal constituent of matter, viz., the electron ; 

* Chemists have given the name 1 Faraday to this quantity of electricity, 
but, in order to avoid confusion with the unit of electric capacity. Professor 

Parravano has proposed that it should be called 1 Dany. 
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these rays appear, as is well known, when an electric spark passes 
through a tube in which there is a fairly high vacuum, e.g,, a 
millionth of an atmosphere. Opposite the cathode the glass 
vessel is seen to glow with a bright green fluorescence. The 
cathode rays are invisible ; they produce a fluorescence in the 
bodies which they happen to strike ; they are propagated in 
straight lines ; if the plate forming the cathode is plane, they 
form a beam of parallel rays ; if the eatliode is concave, all the 
rays converge towards its centre of curvature and produce a 
heating effect. 

They are corpuscular in character ; that is to say they consist 
of a stream of negative particles. This fundamental property 



ro euectj^o^co^jb: 

Fig. 24. — Perrin’s experiment. 

was suggested by Lenard and demonstrated in a very elegant 
manner by Perrin (see Fig. 24). 

The rays from the cathode enter an aluminium cylinder 
connected with the leaves of an electroscope ; the cylinder forms 
the collector. In order to avoid any external disturbances which 
might arise from electric charges localised, for instance, on the 
walls of the vessel, this cylinder is surrounded with a metallic 
shield connected with the case of the electroscope. 

The cathode rays can enter through a small hole O cut in the 
anterior face of the cylinder. When the tube is in action the 
electroscope is negatively charged, showing that the rays carry 
a negative flow coming from the cathode. It is important to 
notice in this connection that putting a piece of thin aluminium 
foil over the hole O reduces the charge on the electroscope but 
do- 3 S not entirely bring it to zero. Lenard has shown that it is 
possible to study the cathode ra s outside a tube if this is provided, 


132 


ELECTRONS AND POSITIVE RAYS 


at the end opposite the cathode, with an opening covered with a 
piece of thin aluminium foil. The rays succeed in penetrating 
this foil and so pass into the air outside the tube. 

The cathode rays arc deviated by a magnet or, more generally. 



Fio. 25.- — ^Deflection of the cathode stream in a magnetic field. 


by a magnetic field, just as if they formed a current of negative 
electricity flowing from the cathode. 

If the tube be placed between the poles of a magnet so that 
the north pole is in front of the plane of the picture and the 
south pole behind it, the field is directed through the paper, and 
under these conditions the cathode rays are bent ilownwards 
(see Fig. 25). This is the direction in which, according to electro- 
magnetic laws, an ordinary current passing fn)m right to left 
would be deviated, or a negative current fiowing from left to 



Fig. 26 . — Deflection of the cathode stream in an electric field. 


right. If the stream, after having passed the anode, travels 
between two electrified plates with charges of opposite signs, the 
electric field deflects it towards the positive plate (see Fig. 26). 

The cathode rays have the property of giving rise to Rontgen 
rays (X-rays) ; iit fact these rays result whenever the cathode 
stream strikes the glass wall of the vacuum tube or any scfiid 
body placed in the path of the be im. 
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Fig. 27 shows another form of the experiment on the deviation 
of the cathode particles ; the vacuum tube contains the anode A, 
which is perforated, the cathode C, which is raised to incandescence 
by means of a current wliich can be controlled, and finally E, the 
luminescent screen, coated with calcium tungstate or zinc silicate ; 
when the tube is operated, the screen shows a bright spot which 
is situated on the straight line joining the filament with the hole 
in the anode. 

The spot is controlled by the electric field and by the magnetic 
field. If the metal rod T is charged positively, the spot rises ; 
if a north magnetic pole is brought close to the tube at the 



Fig. 27. — Production of cathode rays by an incandescent filament. 


spot is displaced horizontally. This shows very clearly that 
there are negative electric charges moving in the tube away 
from the incandescent cathode. 

It is these immaterial particles, all equal and each having a 
charge of 1-59 X 10“^® coulomb, that form a ray as they move in 
a straight line towards the anode. 

An agglomeration of these particles — the electrons — docs not 
form any chemical substance and is not material, but it has, 
nevertheless, a physical existence. How is it possible to establish 
the value of the charge and the true nature of these particles, of 
this atomic dust ? 

Charge and Mass of the Electron 

Experiments which, although simple, are yet some of the most 
ingenious and fruitful ever conceived by physicists, have been 
devised to determine the electrical charge, the velocity and the 



134 


ELECTRONS AND POSITIVE RAYS 


mass of these particles ; the phenomenon first used was that of 
the deviation of the particles in a magnetic field. When one of 
these particles carrying the charge e moves in a uniform magnetic 
field H produced artificially outside the tube, the path of the 
particle ceases to be rectilinear and becomes an arc of a circle, 
owing to the force continuously applied to it. 

The radius of curvature r of this circle is determined by the 
fact that the centrifugal force mv^jr is balanced by the electro- 
magnetic force acting on the particle, viz., e.v.H, m being the 
mass of the particle. 

Hence it follows that mv^jr = e.v.H. The field strength H and 
the radius of curvature r can be measured so that there remain 
two unknowns, the velocity of the particles v and their specific 
charge ejm. Another experiment is needed, therefore, to enable 
these to be determined. 

J. J. Thomson first devised (1897) a method of measuring 
simultaneously the quantity of electricity Q = ne carried by n 
particles of the cathode stream and their kinetic energy 

W = - nmv^ ; Q was measured by collecting the particles in an 

auxiliary tube, while W was obtained by means of a thermopile. 

Eliminating n from the two expressions Q = ne and W = - nmv^ 

Jd 

gives m/e = 2W/Qi;* and this equation, when combined with the 
expression obtained above, v = Hr(e/m), gives values for the 
velocity v and for the specific charge. 

The other method, also due to Thomson, is based on the 
deviation of the cathode rays in an electric field. This causes 
the negative particles to approach a plate positively charged and 
to follow a parabolic path, exactly in the same way as a projectile 
which is directed horizontally has its path deflected downwards 
under the action of the earth’s gravitational force. For a weight 

P the vertical drop in time tish =- {P]m)fi ; hence for a cathode 

A 

particle which in time t traverses a distance L = vt, the 
faU is : 
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Displacement caused by the electric field 

1 Ce U 



• ( 1 ) 


where C is the vertical electric field. 

If the cathode stream — conveniently restricted to a narrow 
pencil — strikes a screen covered with a fluorescent material, the 
downward displacement of the spot of light produced by the 
rays can be seen, and the measurement of this displacement h 
gives the first equation connecting the ratio ejm with the velocity 
7;. The other equation is derived from a similar experiment 
carried out with a magnetic field ; if this field is vertical, the 
cathode stream is displaced horizontally, and this displacement 
also can be measured. If the field strength is H, the deflecting 
force is Hev and hence the acceleration is Hevjm. 

The displacement is therefore 


Displacement due to the magnetic field 

1 Hev 1 e 

D- ~ H - - 

2 m V 2 2 m V 


• ( 2 ) 


and thus from r^“asu^cmcnts of I) and h, since L, H and C are 
known, the specific charge e/m and the velocity v can be deduced 
from the equations (1) and (2). 

Let us now examine the results of the experiments which have 
just been briefly deseribed. The velocity of the particles is 
enormous ; it greatly exceeds the highest velocity observed for 
stars ; by varying the voltage applied to the tube it is easily 
possible to obtain velocities lying between 30,000 and 60,000 
kilometres per second. Electrons with this velocity would reach 
the moon in five seconds. In certain experiments it has been 
possible to study electrons having a much higher velocity, e.g., 
in the neighbourhood of 260,000 km./sec., a velocity which is 
very close to that of light. 

Measurements of the ratio e/m, the charge of the electron 
divided by its mass, have given the value 1-77 x 10® coulomb/gram 
for this quantity. 

Now from the charge e carried by the gramme-atom of hydrogen 
in electrolysis and its mass, which is unity, the ratio obtained 
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by electrolytic experiments is ejm — 96,494 coulomb/gram, so 
that, comparing the two ratios, it is seen that the first is about 
1,840 times as large as the second. 

Whilst the velocity of the cathode particles, in accordance 
with theory, varies as the square root of the applied voltage V 
(since the work done in carrying a j^artielc from the potential of 

the cathode to that of the anode is V . c = - mu^), the ratio ejm 

is independent of the nature of the residual gas in the tube, is constant, 
and is also mdependent of the nature of the cathode. 

By making use of high voltages it is possible to give the electrons 
a velocity of 150,000 km. per second, half the velocity of light ; 
now it is found that for very high velocities tlic specific cliarge 
becomes a fimction of the velocity ; for moderate velocities (less 
than 10,000 km. per second), however, the ratio ejm is, as has been 
said, sensibly constant. From the known value of ejm and the 
value which we have already given for c, it follows that : 

m — 9 X 10" gramme. 

The cause of the variation of ejm is to be found in Einstein’s 
principle of relativity ; we will here coniine ourselves to remarking 
that ejm is variable because the mass 77i which, on tlie principles 
of the classical mechanics, is absolutely constant, varies with the 
velocity in accordance witli the expression already establislicd : 

m — mo/Vl — v^jc^ 

where mo is the mass on the basis of the classical mechanics and c 
is the velocity of light ; this shows that, for values of v not 
greater than 0-1 or 0*2 c the variation of m, and hence also that 
of the specific charge ejm is inappreciable. 

For cathode rays of 100,000 volts, vjc = 0*627 and rnfm^ 
becomes equal to 1*28, i.e., the mass has increased appreciably. 

For certain values of velocity attained in the case of the 
j8-particlcs emitted from radioactive substances, experiment gives 
a value for mjm^ equal to 7 ; the mass, then, is increased seven 
times at such velocities ; this is no negligible effect. 

So far we have spoken of the ratio ejm between the charge and 
the mass of the electrons, although we have stated that the 
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electron has no mass in the material sense ; what mass, then, can 
it have ? 

It should here be recalled that a light ball of cork which is 
electrified and in movement requires more energy to acquire* a 
given acceleration than does a similar non-eleetrified ball moving 
with the same velocity ; this being so, it is at once apparent that, 
since mass and inertia are interchangeable ideas, a charge will be 
equivalent to a mass even though it may not be connected with 
any material, as in the case of the electrons. 

Cathode Ray Oscillographs 

Wc must first describe briefly the mode of operation of the classical Braun 
tube from which oscillographs have been derived. 

A beam of cathode rays emitted from the cathode traverses the tube in a 
straight line ; a metallic diaphragm with a small aperture reduces the cross- 
section of the beam which strikes a fluorescent screen placed at the end of the 
tube ; a bright spot then 4ndicates the position of the point at which the 
cathode particles strike tlie screen. The fluorescent material may be, for 
example, calcium tungstate. 

If, now, an electric field be set up in a direction perpendicular to the axis of 
the tube, the luminous spot is displaced, and, if the field be an oscillating one, 
it will be seen to trace out a line on the screen. 

To observe directly the way in which the field to be studied varies as a 
function of the time, it is sufficient to spread out these oscillations in the 
perpendicular direction by means of some device which will give a uniform 
transverse motion. 

It is possible to look at the image of this spot by reflection in a plane mirror 
rotating about an axis parallel to the deflection, or else the image can be 
photographed by means of a stationary lens on a photographic film which 
moves rapidly in the direction perpendicular to the oscillations produced by 
the field to be studied. 

The Braun tube lends itself very well to the study of phase differences 
between two sinusoidal effects of the same frequency, since all that is necessary 
is to act upon the beam with two mutually perpendicular fields each governed 
by one of the two effects to be studied. What is seen then is an ai)parently 
stationary ellipse, the shape of which gives the difference of i)hase which is to 
be determined. 

The Braun tube has, however, the disadvantage that it requires a high 
voltage for its operation. From it there have been developed the present-day 
cathode ray oscillographs which work on a low voltage since the electrons are 
not emitted as a result of the electric discharge but owing to the thermionic 
emission from an incandescent filament. 

Cathode ray oscillographs^ then, are instruments by means of which it is 
possible to detect and record a transitory effect, even of the shortest duration ; 
the basis of this possibility is the fact that the extremely minute mass of the 
electron enables it to acquire a relatively large velocity component in the 
minute interval of time during which a disturbing field can act upon it. The 
electron stream, therefore, follows quite faithfully, and without any inertia, 
the variations of the electric or magnetic fields, no matter how rapid these 
variations may be. The electron stream may be produced, for example, by 
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using as the cathode a platinum ribbon covered with the oxide of one of the 
alkaline earths (as in the Western oscillograph) ; the cathode stream impinges 
on a screen, or a photographic plate, which thus gives a record of the 
phenomenon. 

A whole range of instruments designed for studying electrical phenomena 
of very short duration have been based on this principle ; in 1922 Dufour 

constructed an oscillograph in which the vacuum 
was obtained by means of a molecular pump, and 
in which an electron stream impinged on a 
photographic plate. A magnetic field displaced 
the point of impact in a direction perpendicular to 
that corresponding to the action of the phenomenon 
being investigated. The inventor succeeded with 
this apparatus in obtaining direct registration of 
electric oscillations having a frequency of 220 
millions per second. 

The applications of oscillographs based on the 
use of cathode rays are manifold, especially in 
the field of radiotechnics, but a description of 
these would fall outside the scope of this book. 

Fig. 28 shows the oscillograph of the Western 
Electric Company, and in the figure there will be 
seen the two pairs of plates which produce the 
deflections of the cathode beam ; this beam 
strikes the layer of fluorescent material deposited 
on the upper part of the bulb (inside the glass), 
this material being composed of a mixture of 
calcium tungstate and zinc silicate ; the paths 
traced out by the cathode rays can be seen very 
clearly and can be readily photographed. 

The instrument finds four distinct fields of 
application : — 

(a) The determination of the amplitude of a 
variable, such as a current, or a voltage, a vibration 
or a sound. For this work only one pair of plates 
is used. 

(h) Determinations of the relations between two 
characteristics of the same circuit, such as between 
current and voltage, or between voltage and 
vibration. In this case each of the two quantities 
acts on one pair of the deflecting plates. 

(c) The determination of the wave-form of a 
periodic quantity such as an alternating current, 
voltage, sound, etc. In this case one pair of plates is acted upon by the 
observed quantity, while the other is acted on by a voltage which varies with 
the time in some known manner. 

(d) The determination of frequency by comparison with a known frequency. 
This valuable instrument is not, however, limited in its application to work 
of this kind ; for instance, it is used in physiological laboratories for studying 
nervous reactions. 

Electrons seem to be Identical in Different Phenomena 

It has been seen that the study of the cathode stream in vacuum 
tubes has led to the discovery of the existence of elementary 
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electric charges which are always equal, however varied the 
conditions of the experiment, and whieh have a specific charge 
which is 1,840 times as great as that of the hydrogen ion ; if it be 
regarded as impossible that a cathode particle, which now appears 
as a constituent of all bodies, should contain 1,840 unit charges, 
it follows logically that the high value of the ratio ejm must be 
due to the exceedingly small mass m of the particle. 

The truth of this deduction can no longer 1>e doubted now that 
the elementary charge has been isolated and measured by means 
of marvellous experiments which will always be noteworthy in the 
history of physics and with which the name of Millikan is especially 
associated. 

The study of spectral lines, as we shall see, has provided several 
methods for obtaining e with a high degree of precision. The 
existence of electrons, the atoms of electricity, has been 
demonstrated in different phenomena, and in all cases it is found 
that the value of ejm is the same ; the rays given off by radioactive 
substances are atoms of electricity identical with the cathode rays, 
but moving with a very high velocity ; incandescent solids and 
substances bombarded by X-rays or ultra-violet light emit 
electrons which arc always identical in charge and in mass ; the 
refraction of light, and the magnetic properties of bodies also 
demonstrate the existence of electrons, and these, too, are always 
identical in their nature, no matter what the phenomena. 

The electron is, then, a physical unit which is well defined and 
which is characterised by the invariable ratio of its charge to its 
mass ; it is a particle which enters into the constitution of all 
bodies, but it possesses a property which it was not possible to 
foresee when — in early times — a universal constituent of matter 
was imagined : it is electrified. 

The Electron in Motion and its Mass 

Consider an electric charge, left entirely to itself, which, after 
having received an impulse, continues its uniform rectilinear 
movement. Such a charge in motion produces a magnetic field 
in the same way as does every electric current. The magnetic 
field H produced at a point is perpendicular to the plane which 
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passes through this point, and through the instantaneous position 
of the electrified particle, and which contains the direction of 
motion of the charge ; the value of H is equal to {ev sin a)/r^ 
where a is the angle between the direction of motion and the line 
joining the particle to the point under consideration, r being the 
length of this line. The magnetic field thus produced is, then, 
determined by the instantaneous position of the particle ; it 
follows that the system of circular lines of magnetic force, and the 
system of radial lines of electric force, move with the particle. 
This whole system of lines constitutes the electromagnetic field of 
the particle, a field which is rigidly bound up with its centre and 
which is invariable with regard to this centre as long as the 
velocity remains constant. The total energy of this field also 
remains constant as long as v = const., but, in general, it depends 
upon Vy since H varies with v. It can, moreover, be found quite 
easily that the energy of the iifiagnetic field is proportional to the 
square of the velocity v. Now, if an external influence is exerted 
to reduce the velocity, the intensity of the magnetic field decreases 
throughout and the energy which was formerly stored up in this 
field is released and gives rise to a force which opj^oscs the reduction 
of velocity. The charge is not brought to rest until it has 
done work equal to this stored-up energy ; an electrified body 
therefore possesses, by reason of its charge, a certain inertia or 
supplementary mass of electromagnetic origin. 

The energy of the field is IV/Stt per unit volume in a medium of 
unit permeability ; in the present case, therefore, the energy per 
unit volume is 

1 sin^ a 
Htt 

If it be desired, now, to calculate the total quantity of energy 
in the field, it is necessary to integrate the above quantity through 
the whole of the space surrounding the particle in motion, each 
element of volume having its own values of a and of r. By 
performing this integration it is found that the energy of the field 
may be expressed as where a is the radius of the sphere 

over which the charge is assumed to be equally distributed ; since, 
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now, this energy is equal to the kinetic energy - mv^ of the particle, 

2 

we have the equation : 

- mv^ = e^v^jSa. 

2 


This equation indicates that the particle in motion acts as a 
body in which there is added to the mechanical mass, another 


mass which is equal to - 

3 


e^la ; 


for the energy may be 

thought of as if it were written 


in the form - 



So far we have assumed that 


the particle is spherical and that 
the electric field around it is 


radial and symmetrical, i.e., that 
the lines of force radiate from it 


in all directions with uniform 


density; but the perfectly 
spherical symmetry only exists 
if the electron is at rest or if it 



Fig, 29. — Rapidly inovin^r elcftron. 


moves with a velocity which is not too great, below 

one-tenth of the velocity of light. 

If, however, the particle moves more rapidly, the electric field 
accompanying the electron in its movement changes its shape by 
reason of the reaction which it suffers from the magnetic field, 
this latter being produced at all points in space by the change in 
the electric field ; the lines of force around the electron become 
less dense in the direction of motion, both forward and behind, 
and correspondingly denser in directions perpendicular to the ]:)ath 
of the electron (see Fig. 29) ; the force needed to produce a 
certain acceleration in the direction of motion is no longer the 
same as that which is required when the velocity is lower ; the 
electromagnetic mass, then, has altered. 

But there is something further ; this force, if it be applied 
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the direction of motion, i.e., at right angles to the path, will 
produce its original amount of acceleration, because of the 
asymmetry of the field, and this means that the transverse mass 
is not equal to the longitudinal mass. To the mathematician. 
Max Abraham, is due this distinction between the two masses 
considered in two directions at right angles, but he considered the 
particle in motion to be incapable of deformation ; Lorentz, 
applying his conception of a contraction, which has explained the 
fact that the earth’s motion produces no effect on optical and 
electromagnetic phenomena, introduced into the calculation the 
flattening of the spherical particle which, owing to its velocity, 
became an ellipsoid, and thus he obtained for the two masses of 
the electron the expressions : 

^longit. = »»o/(l - 

fUtran,. = »*o/(l - 

Here it is only necessary to note that the results given by modern 
experiments on the ratio fall into line quite naturally with 
Einstein’s theory, and that the law of variation of mass with 
velocity is as valid for the material mass as for the electromagnetic 
mass. It will be seen why the celebrated experiments which give 
the variations of the ratio between the charge and the mass of the 
electron e/m cannot decide definitely whether the mass of the 
electron is entirely electromagnetic in origin or not. 

Although the fact that the mass is purely electromagnetic 
cannot, for this reason, be established, this hypothesis is so 
attractive, by reason of its simplicity and on account of the 
deductions which can be based on it, that it is now accepted. If 
the electron, the universal constituent of all bodies, is reduced to a 
quantity of electricity without any material foundation, the 
conclusion follows inevitably that matter is composed entirely of 
electric charges and has no inertia other than that of the charges 
of which it is comiK)sed. 

Experiments of Kaufmann and Bucherer* 

Before proceeding, we may take the opportunity of referring in some 

* For a complete account of the theory of the connection between the mass 
and velocity of the electron, the Handbmh der Physik, Vol. XXIII., may be 
consulted. 



VARIATION OF MASS WITH VELOCITY 143 


detail to the important experiments of Kaufmann and of Bucherer which 
demonstrate the variation of the electronic mass with the velocity. 

As we shall see better in Chap. Vlll, the rays emitted from radioactive 
substances are identical in nature with cathode rays. Kaufmann's apparatus 
is shown in Fig. 30. 

A particle of radium bromide was placed at R in a depression in a large 
metal ])late ; the rays emitted by the radium passed between two parallel 
plates A and B and through the small hole P to the photographic plate CD* 
A difference of potential maintained between the plates A, B, caused a 
curvature of the paths of the electrons between R and P ; further, the whole 
apparatus was placed in a uniform magnetic field the direction of which was 



Fig. 30. — Kaufmann’s experiments. 


parallel to the electric field, and this cau'-ed the whole trajector^’^ of each 
particle to be bent in a plane perpendicular to the other curvature. 

If T be the radius of curvature produced by the magnetic field H, it is 
known that 

mvjr — lie . (1) 

Further, there is a geometrical relation between the quantities a, b,y and r ; 
using y to denote the final displacement, it is easy to show that 

r2 J 62 .|. (^2 „ ah -f y'^flMf (2) 

Let us now turn to z, the final displacement produced by the electric field F ; 
as this acts only along the path from R to P, the trajectory will be parabolic 
in the region RP and will then become rectilinear. It is easy to show that z is 
given by 

s = (a - 6).J6.(F/rwi;2) (3) 

There are thus three equations from which it is possible to find c/m, and the 
velocity v in terms of the observed values for the two quantities y, z. 

The ]3-particles of radium bromide have velocities varying between 10^® and 
3 X 10^® cm. per second. For each of these values of u, Kaufmann obtained 
on the photographic plate points of which the co-ordinates were y and z ; 
from these co-ordinates it was possible to calculate the corresponding values 
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ofv and of ejm. In this way it can be shown that when v is large e/m decreases 
and that it does so in accordance with the law 

e/m = (elmo)Vl — 

where r is the velocity of light, and e/w,, is the value of ejm when vjc is small. 

Bucherer’s apparatus (1908) is shown in Fig. 81. AB and CD arc two 
circular metal plates (10 cm. diameter), separated by a fraction of a millimetre. 
A particle of radium fluoride w’as plaeed at the centre B, and the j3-rays 
emitted radially from this material impinged on a photographic film PP' 
concentric with the discs ; the w’hole system was enclosed in a metal box in 
which a high vacuum was maintained. An electric field F was produced 
between the discs, and there was a uniform magnetic field H parallel to them. 
Owing to the closeness of the discs to each other, the electrons could not 
reach the film unless the effects of the two fields F and H neutralised each 
other, and this occurred when Fe — Hen sin 6, where B is the angle between a 
j3-ray and the magnetic field H. Bucherer made F/H \ c in many of his 
experiments, so that vjc — 1/2 sin^. li v — c the angle 6 can only be 
30° or 150°, and since v cannot be greater than the velocity of light, no ray 
can reach the film unless it be emitted in the zone lying between 30° and 150°, 
and Bucherer verified that this w^as precisely what occurred. 
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Fio. 31. — Bucherer’s experiments. 


We have already seen how to calculate the deviation suffered by the rays 
which just emerge from the discs and reach the photographic film which 
registers their arrival. For a given velocity v and for a given angle the force 
acting on the electron is II . c . o, and the acceleration is therefore H . e . u sin 0/m. 
Since this latter acts for the time ajv, the final deflection is equal to 

^ He sin 0/mu. 

In this way Bucherer, by using the known value of this deviation in 
combination with the value of v given by the formula v -- F/II sin 0, could 
obtain from the curve traced on the photographic lilni the various values of 
V and their relationship to the corresponding values of elm. 

From his experiments he found that the quantity e/m\/l — v^Jc^ was 
constant and equal to the value of e/m appropriate to slow cathode rays ; this 
showed that the mass m varied according to the relationship 

m = mo/Vi — z; 2 /c 2 . 

The electrons in their movement then, have a mass which varies with their 
velocity ; the vectorial equation which connects the force F with the mass is 
no longer that of the classical mechanics, but must be replaced by another, viz., 

m dy/dt — F (V is the vectorial velocity), 

and hence 

d V _ 
dt V I — ^ 
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or, in shorter form, 



F. 


Other important experiments having for their object to find the way in 
which ejm varied with the velocity were carried out by Giiye and Lavanchy * 
in 1915, using the simultaneous action of a magnetic and an electric field : 
two thousand deviations, corresponding to velocities lying between 0*22 c 
and 0-49 c were measured, and the experimental points, when plotted on a 
diagram, were found to lie closely about the curve having the formula 


m|m^, = 1/Vl - v^jcK 


Radius of the Electron 


We know that electricity jiossesses inertia ; an electron, 
therefore, by reason of its eliarge, nmst have a certain mass which, 
by the principle of e(pii\ alenec (due to Einstein) coincides with its 
gravitational mass. Now the simplest hypothesis and the one 
which naturally suggests itself is — as has been said already— ' hat 
the whole of the mass of the electron is due to the existence of the 
eliarge and is of eleetromagnetie origin. We have already found 
that the kinetic energy of the electron of radius a moving with a 


velocity v is - 
2 



This expression, when compared with 


the kinetic energy 


1 

2 


of a material mass M, shows that the 


electron behaves as if it had energy corresponding to the mass 
2 

- e^ja. If the variation of the mass at Ipgh velocities be left out of 

t3 


consideration the value at relatively low velocities (and at rest) 
gives a ready means of determining the radius of the electron by 

2 

the use of the expression m = -e^ja, which — we may point out 

3 

once again — is based on the assumption that the electron is a 
spherical shell. 

The charge e is known to be 1-59 X 10 electromagnetic units. I 
The mass m is known to be 1 /1 845 the mass of the atom of hydrogen 


* C. E. Guye and Ch. Lavanchy, Arch, des Sciences Phys, et Nat,, Vol. 42, 
pp. 286, 353 and 441, 1916. 

t It may be noted that 3 x 10^® electrostatic units equal one electro- 
magnetic unit, and this latter is equal to 10 coulombs. 
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the value of which is 1-66 X 10 gram. There are thus sufficient 
data to calculate the radius a of the electron and from the equation 
just given it follows that the 

Radius of the electron = 1*8 X 10”"^^ cm. 

The electron and the atom, then, are particles of quite different 
orders of magnitude ; we have seen, in fact, in the kinetic theory 
of gases, that the atom of any element has a radius of the order of 
10-”® cm. ; this is 50,000 times as great as the radius of the electron ; 
the ratio is, within a little, the same as the ratio which the radius 
of the earth bears to its distance from the sun. It must be 
remarked, however, that the spherical electron^ with the radius 
assumed above, is a pure supposition based on the hypothesis 
originally made ; at present, however, it seems less necessary to 
consider the spherical electron with a fixed radius, since modern 
tendencies seem to lead to the conclusion — as wc shall see in what 
follows — ^that the electromagnetic theory is no longer applicable 
to systems of atomic dimensions and therefore still less to electrons 
which are constituent parts of atoms ; the structure of the 
electron is certainly one of the mysteries of contemporary physics. 

The Electrons can be Seen, Heard and Measured 

If a radioactive substance, which — as will be explained more 
fully later — emits electrons having high velocities, be placed close 
to a screen covered with zinc sulphide, and if this screen be 
observed through a lens, the eye can follow the impact of the 
individual electrons if these are emitted at a sufficiently slow rate 
so that they strike the screen in limited numbers ; it is this 
scintillation phenomenon which has been so extensively used by 
Rutherford. Instead of seeing the electrons, however, it is 
possible to detect them by means of an audible effect ; for this 
purpose all that is necessary is to arrange an electric circuit 
connected with an ordinary telephone by means of a valve amplifier 
similar to those used in radiotelephony ; the circuit is interrupted 
by including in it a cylindrical ionisation chamber open at the top. 
The walls of this chamber are connected to one end of the circuit 
while the other end is a metallic point which is separated from the 
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cylinder. Thus under normal conditions no current passes along 
the circuit and the telephone is silent. When a radioactive 
substance is brought close to the chamber, and an electron emitted 
from this substance enters the cylinder, an instantaneous current 
passes along the circuit and the sound of a blow is heard in the 
telephone ; this is due to the fact that the air in the ionisation 
chamber is rendered conducting for an instant and the voltage 
between the walls and the point thereupon causes a discharge to 
pass between them. 

Finally, the individual charge of the electrons has been measured 
by Millikan in his celebrated experiments, as we shall explain 
shortly. 

First of all, however, it is necessary to explain the nature of the 
ions. 

Ions 

After giving a description of the nature of the electron, that 
universal constituent of nature, it is necessary to refer to the ion, 
that particle which, as its very name indicates, is cast for the role 
of a “ traveller.” Under certain conditions the atom, a complex 
system which is electrically neutral, may lose one or more of its 
electrons or may acquire one or more additional electrons ; it is 
then said to become an ion. Everyone knows the celebrated 
theory — proposed in 1887 by Svante Arrhenius, the genial physicist 
of Stockholm * — concerning the electrolytic dissociation of acids, 
bases and salts in solution ; when potassium chloride is in solution, 
there are present the two ions, that of potassium which has lost an 
electron, and that of clilorine wliich has captured this electron. 

In the ease of a bivalent metal, such as barium, two electrons 
are given up. 

The passage of a current through a gas is, in some respects, 
strikingly analogous to the electrolysis of a solution, and it is 
attributed to the presence of ions (negative and positive^^^th 

formation of which has been brought about by the act* ^ 

^ . . . . ^ . cm. per 

certain ionising agents. 

♦ Died at the end of 1927. ■ ^ photoelectrons 
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Under normal conditions a dust-free gas is an excellent insulator, 
and an electrified sphere suspended in the gas by means of a non- 
conducting thread {e,g., silk) retains its charge almost indefinitely. 
Similarly, if two metal plates be placed in the gas, no current 
passes between them when they are connected to a source of 
potential. 

Gases, however, become conductors and acquire the property of 
discharging electrified bodies, if they are subjected to the influence 
of certain agents, viz., ultra-violet or luminous radiation. X-rays, 
cathode rays, rays emitted from radioactive bodies, the presenee 
of incandescent solids, etc. 

Under the action of these various agents the gas becomes 
ionised, since a certain number of the molecules have an electron 
removed from them by the external energy brought into play, 
and these molecules consequently become electrically positive ; 
the electrons thus detached, after a short period of freedom, 
become attached to a neutral molecule and make it negative ; 
thus the gas contains electrified molecules of opposite signs, one 
kind having the charge of an electron, the other a charge of equal 
magnitude but opposite in sign : these are ions. It is now easy 
to visualise the mechanism by which electricity is transferred in 
an ionised gas. In an electric field the ions move with a velocity 
proportional to the intensity of the field, and between two plates 
at different potentials there is set up a double stream of ions, each 
stream consisting of ions of the same sign which travel on to give 
up their charge to the plate of opposite sign. It is thus easy to 
imagine how an electrified body cannot retain its charge in an 
ionised gas, for if the body be supposed to be positively charged, it 
will attract negative ions, and these will slowly neutralise its 
charge. 

If the gas between a pair of plates be acted upon by an ionising 
agent, such as a beam of X-rays, the current passing through this 
gas — air for example — increases in intensity more and more 
V and finally reaches a sensibly constant value (see Fig. 32) 
' many cells be added to the battery of accumulators which 
the diF"'rence of potential between the plates ; the 
t .^le current cannot exceed that value which 
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corresponds to the number of ions produced in unit time by the 
action of the X-rays. 

The intensity of the saturation current is, then, equal to the 
quantity of electricity liberated in each second by the ionising 
agent, and may serve as a measure of the activity of this agent. 
It is particularly to be noted that, in apparent contradiction of 
Ohm’s law, the intensity of the saturation current increases in 
proportion to the distance between the electrodes, as Righi has 
shown ; the reason is immediately apparent, however, when it is 
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remembered that the number of ions produced per second increases 
with the volume of the gas subjected to the ionising agent. 

This number of ions, produced in a gas by the action of a given 
ionising agent, has been measured and is known to be very small 
compared with the total number of molecules ; for instance, an 
intense beam of X-rays produces some 10® per cubic cm., while the 
number of molecules present is of the order of 10^®. The mobility 
of the gaseous ions has also been measured. This quantity is 
defined as the velocity which the ions acquire in a unit electric 
field, i.e., one in which the potential fall is 1 volt per cm. This 
mobility varies according to the nature of the gas ; for hydrogen 
at a temperature of 15° and at atmospheric pressure the mobility 
is about 7 cm. per second, for carbon dioxide it is about 1 cm. per 
second. 

When X-rays pass through a gas, they liberate photoelectrons 
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(as we shall see in Vol. II, Chap. V), and these are the cause of the 
ionisation. 

The mechanism of ionisation is as follows : the photoelectrons, 
liberated at high velocities, gradually lose their kinetic energy by 
disrupting the molecules that they successively encounter, thus 
forming pairs of ions, until the energy of an electron has become 
so small that it is absorbed either by a hitherto neutral molecule 
or by a positive ion, which thus becomes neutralised. 

All this was demonstrated by C. T. R. Wilson * in 1911 and 1912, 
using his celebrated cloud apparatus. We shall describe this on 


I '["-r. .< /'"C, 


J 




Fig. 33. 


p. 317 ; in these experiments of Wilson the cloud of water 
droplets was photographed at the instant of its formation in an 
expansion chamber with transparent walls ; since the ions 
produced by the X-rays falling on the chamber are centres upon 
which the droplets in the cloud are formed, the paths of the 
ionising electrons are shown up perfectly. The track followed by 
each such electron is indicated by droplets of water which appear 
in the photograph. 

Fig. 33 is a photograph of the numerous trajectories of the 
electrons produced in a gas by X-rays. 

Original Determinations of the Electric Charge of the Ions 

We may now proceed to explain the methods by which it has 

♦ Roy. Soc. Proc.y 85, p. 285, 1911 ; 87, p. 277, 1912. 
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been possible to obtain a direct measurement of the elementary 
electric charge, i.e., the charge of the electron. 

These methods are of two kinds ; the first originated in the 
work of Townsend (1897) and J. J. Thomson (1898), was employed 
by H. A. Wilson (1903), and was carried to a high degree of 
precision by Millikan. 

The method devised by Schottky is based on a totally different 
j)rineiplc, and we shall describe it later (p. 195) after having 
considered the thermionic effect. 

If a vapour be diffused throughout a mass of gas, e.g.^ air, and if 
the temperature be then lowered, this vapour, if it was originally 
close to the dew-point, condenses and forms a cloud, a collection 
of drops which are visible to the eye. 

This is a well-known fact in elementary physics. Actually, 
however, matters are not quite so simple ; if the gas containing 
the vapour be rendered perfectly dust-free, as, for instance, by 
passing it through a filter of wadding, it may be cooled considerably 
below the point of saturation without any condensation taking 
place ; in other words, the vapour remains supersaturated. We 
may trespass on theoretical ground which is completely covered 
elsewhere, and simply state that the presence of dust particles, 
acting as nuclei for the formation of liquid drops, promotes 
condensation. The same thing occurs in the case of any ions 
which may be found in air or, in general, in a gas containing a 
saturated vapour. If this be supersaturated, either by lowering 
the temperature or by allowing it to expand suddenly, each ion 
becomes the centre of a group of molecules which form a nucleus 
capable of starting the formation of a drop. 

Such ions exist and drops are formed in this way : each drop is 
clectri ied and takes the charge of the nucleus around which it is 
formed Ions are, of course, just as invisible as neutral molecules ; 
but when water is condensed on them, the droplets can be seen, 
and thus the ions may be said to be rendered visible. By means 
of this well-known method, devised by C. T. R. Wilson (1897), the 
cloud produced by the passage of a narrow beam of X-rays in a 
supersaturated atmosphere of water- vapour may be photographed ; 
a mass uf moist air, contained in a glass-walled vessel, is suddenly 
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expanded and at the same time it is subjected to the action of the 
ionising agent ; an instantaneous photograph is then taken 
immediately after the expansion. 

To Townsend and to Thomson (1897 and 1898) are due (as has 
been said already) the earliest methods of determining the charge e 
of the gaseous ions ; although these methods arc important from 
the historical standpoint, we cannot describe them here, but can 
only devote a few lines to H. A. Wilson’s method.* 

A and B (Fig. 34) are two metal plates forming the u])per and 
lower walls of a glass vessel into which air, saturated with water 






Formation of the cloud. Descent of the cloud. 

Fig. 84. 

vapour, flows through a filter of cotton-wool C, so that all dust is 
removed before the air reaches the vessel. 

(In the original experiments the plates were 3'5 cm. in diameter 
and were 4 to 10 mm. apart. The difference of potential between 
them was 2,000 volts.) 

This air is slowly compressed and is allowed to take ip the 
temperature of the laboratory ; then by opening the side tap R, 
it is put into communication with the external atmosphere for an 
instant ; the compressed gas suddenly expands, and in so doing is 
cooled. 

When no ionisation has taken place, the gas remains perfectly 
clear imder these conditions ; but if, by means of a beam of 


• Phil. Mag., 6 , p. 429, 1908. 
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X-rays, the gas is ionised, each ion becomes a condensation 
nucleus and a cloud is formed and slowly descends inside the 
vessel. The rate of fall is measured when the cloud falls solely 
unaer the action of gravity and again when it is acted upon by the 
electric field produced between the plates A and B. The ratio 
between the two velocities and is then the same as the ratio 
l)etween the forces acting on the same droplet having a charge e. 
These forces are (i.) mg (mass x acceleration) when no electric force 
is acting, and (ii.) mg He when the field H is set up. The 
following simple equation, therefore, gives the value of e : 

Di/ua = mglimg + lie) ( 1 ) 

All the quantities in this equation are known except e, for the 
mass m of a droplet can be found from the formula due to Stokes 
(1850) which gives the velocity of fall of a small spherical particle 
under its own weight, when it is in a fluid of which the viscosity is 77 . 

Thus Vi=^2gaHl9rj 

where d = the density of the droplet. 

7] = the viscosity of air. 
g = the acceleration due to gravity. 

= velocity of fall of the droplet. 

This expression gives the radius a of the drop, and therefore its 
mass. 

For air, rj is known to be 0*0001824 ; the density of the drops of 
water is also known. Once the mass m is known, e can be found 
from ( 1 ). Actually, under the action of the electric field, the 
charged cloud subdivides into two or three clouds with different 
velocities. When equation ( 1 ) is applied to the velocities of these 
different clouds, each regarded as being composed of uniform 
droplets, the values of e obtained are roughly in the ratio 1:2:3. 

This proves that there are droplets with more than one unit 
charge. The value found for e in the case of the cloud for which 
th s quantity has the lowest value varies between 2 X 10 and 
4*44 X 10“^® electrostatic units. 

The precision of the method, therefore, is low. Other 
experiments (1910) carried out by different physicists on droplets 
of ^vcohol give ^ = 4 X 10 Thus the individual charge, the 
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atom of electricity, unique and indivisible, has been isolated, ismd 
its true value has been determined. 

It will be understood that it is most important that this value 
should be known exactly, for, as will be seen later, the electronic 
charge enters into a large number of different phenomena whieh, 
from a quantitative point of view, therefore, depend on a prc'cise 
knowledge of e. If e is known exactly, we can deduce the values 
of the other quantities which appear, with the electronic charge, 
in the formulae arising out of these phenomena. This provides a 
check on these formulae, or rather on the phenomena which they 
describe symbolically, and makes it possible to determine any one 
of the quantities referred to if the value of e be established with 
certainty. 

Thus, for example, in electrolysis the charge carried by a 
gramme-atom of hydrogen, chlorine, silver, etc., is known to be 
96,494 coulombs ; if iV be Avogadro’s number, i.c., the number of 
atoms involved in the transport of this quantity of electricity, we 
have the following equation, which has already occurred in a 
previous chapter : 

Ne — 96,494 coulombs, 

and if the value of e is found by direct measurement to be 4-77 X 
10“^® electrostatic units, it follows that N is 60-6 X 10^^; if, 
however, it be considered that Avogadro’s number is the more 
exactly known quantity — being the mean of values given by 
various phenomena — ^this equation will give the electronic charge 
which thus becomes the deduced quantity. 

It is Robert Andrews Millikan, professor of modern physies 
at the University of Chicago, director of the laboratory at Pasadena 
in California, to whom is due the direct measurement of the 
electronic charge, as we shall now explain. 

Millikan’s Experiments. — The Study of Elementary Electric 
Charges which proves the Atomic Structure of Electricity 

In 1908 Millikan, following Wilson, repeated, with seme 
refinements, the experiments that have been described above ; 
he considered that one source of uncertainty was the evaporation 
of the droplets during the period of observation and the prob.^ble 



CHARGE OF THE ELECTRON 


155 


non-uniformity of the small spheres ; further, Stokes’ law was 
applied to a cloud of particles, whereas it was actually established 
for a single sphere at an infinite distance from every other sphere 
and from any wall. 

The first experiments, which for lack of space will not be 
described here, led him in 1913 to devise the method of droplets in 
equilibrium, composed of non-volatile substances, e.g., oil and 
mercury. By this method he successfully overcame the difficulties 
just described and succeeded in isolating and measuring the 



ultimate particle, or atom, of electricity, thus providing a definite 
proof of the atomic structure of electricity. 

He constructed the apparatus shown in Fig. 35.* 

An ordinary atomiser discharged a cloud of oil into the chamber 
C ; the air blown in with the oil was purified by passing it through 
glass wool. The droplets of oil, which had a radius of the order 
of a thousandth of a millimetre, descended slowly in the chamber C, 
and every now and then one happened to pass through a minute 
pinhole in the middle of the circular plate M which, with N, acted 
as an air condenser. The two plates were held together by three 
ebonite rods. 


* Phys, Rev,, 2, p. 122, 1013. 
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The distance between the plates was 16 ram. and a potential of 
10,000 volts could be short-circuited so as to destroy the electric 
field. An intense beam of light which passed through two 
opposite windows in the ebonite, showed up the droplets after 
they had passed through the pinhole and as long as they remained 
in the observ’ation chamber. 

When a droplet of oil was viewed through a third window by 
means of a telescope, it appeared like a bright star on a dark 
background. 

The droplets were generally highly charged because of the 
friction which occurred in the formation of the cloud and one was 
followed with the telescope both while falling under its own weight 
and during its aseent under the action of the electric field. It was 
easy, then, to follow the movements of the same droplet for several 
hours, without losing sight of it, allowing it to descend, then 
causing it to rise, and so on. Since a droplet composed of a 
non-volatile material remains unchanged, its natural velocity of 
descent always returns to the same constant value v, and, similarly, 
the upward motion is always carried out with a constant velocity 
provided the charge and the strength of the field are the same. In 
the course of a prolonged series of observations it may happen 
that this upward velocity jumps suddenly from to v^', either 
greater or less ; the charge has varied owing to the drop having 
captured another ion. 

This discontinuous variation occurs more frequently if the 
gas in which the droplet is moving be subjected to an ionising 
radiation. It is natural, then, to attribute the change in the 
charge to the fact that an ion has been absorbed. For instance, 
with a difference of potential of 5,000 volts between the two 
plates M and N, Millikan observed that the distance between 
two lines on the graticule, corresponding to an actual height of 
*5*2 mm., was covered in 12'5 secs, during an ascent. A second 
ascent was made in 22 secs., another in 84"8 secs., another in 
84 secs. ; later a time of about 22 secs, occurred again, then 
one of 84*6 secs., etc. How is it possible to establish from this 
the identity of the single charges which have been individually 
absorbed ? 
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Consider the relation between the charge, the field and the 
velocities v and corresponding respectively to the natural fall 
in the absence of the electric field, and to the fall when this field 
is acting. The following relation holds : 

vfv^ = mgl{Fe — mg ) ; 

V 2 is negative when the droplet rises. 

This gives, for two charges e and e\ corresponding to the 
velocities V 2 and V 29 

e — e' (niglFv) {V 2 — 5 ^ 2 )- 

Thus, if it is a fact that there is a minimum charge of which 
all the charges assumed by the droplet are larger or smaller 
multiples, the differences (V 2 — should correspond to a series 
of numbers which arc exact multiples of their smallest member, 
or else all equal ; for {mgjFv) is a constant. 

Actually in his experiments Millikan found, for example, a 
0*5222 cm 

velocity of ^ = 0-04196 cm. per sec. and then other 

12-4500 sec. 

velocities of 

0-04196 cm. per sec. 

0-02390 „ „ „ 

0-01505 „ „ 

0-006144 „ „ „ 

0-01505 ,, „ ,, and so on, so that the differences had 

the values of : — 

0-01806 cm. per see. 

0-00885 „ „ „ 

0-00891 „ „ „ 

0-01759 „ „ „ 

It will be seen that these differences are as 2 : 1 : 1 : 2 and they 
express, when multiplied by a constant, the differences {e — e') 
between the different eharges carried by the droplet. 

Other relationships of exactly the same kind were found, 
without exception, in all the thousands of experiments carried 
out, no matter what the nature of the gas in which the droplets 
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were suspended, and no matter what the material of which these 
carriers of elementary electric charges were composed, oil, 
glycerine, mercury, etc. 

A single droplet was observed for several hours, and the number 
of ions absorbed during this period was not four or fl\'e, but 
hundreds ; at one time it was a negative ion, at another a i)ositi\'c 
ion, but in every case the differences between the velocities were 
found to be always multiples of the smallest among them. 

The identity of the elementary charge developed by friction 
with that carried by ions was also establislied by this experiment ; 
actually, as soon as the droplet has entered the field of observation 
and is acted upon by the electric field, it moves with a velocity 
which lies within the range of the velocities found as a result of 
the absorption of ions, and in ev'ery ease this rule of whole 
numbers is obeyed. 

There were droplets which, at the beginning of the experiment, 
had no charge, and which successively absorbed one, two, three 
•and four ; others carried initially seven, eight, twenty or fifty 
electrons, so that it was, in fact, possible to observe and count 
any desired number of electrons. 

The following is a table of the data relative to one of Millikan’s 
experiments : — 

Distance between plates, 16 mm. 

Distance of travel, 10 mm. 

Difference of potential, 5,000 volts. 

Pressure of air, 75 cm. 

Density of oil, 0-9199. 

Viscosity of air, 1824 X 10~’. 

Radius of drop, 0-000276 cm. 

Temperature, 22-8° C. 

Velocity of free fall, 0-085 cm./sec. 

Value found for electronic charge, 4-99 X 10“^® electrostatic 
units. 

The granular structure of electricity is thus demonstrated in a 
decisive manner ; what we call an electric current is nothing but 
a torrent of electrons ; a current of one ampere, i.e., one of 
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8 X 10® C.G.S. electrostatic units, carries 6 x 10^® electrons per 
second, i.e., milliards of milliards. 


Accurate Determination of the Electronic Charge (1917) 


It has been seen how an examination of the different velocities 
of descent leads to the certain conclusion that there exists an 
electron, a unit charge of which all other charges are exact 
multiples ; but the exact determination of the magnitude of this 
charge depends on two equations : — 


mgj{mg — Ve) 
2 ga^ 


Vi=. 


9 r, 


VilVi 

(8-p) 


p = density of air. 

8 = density of the droplet. 
a ~ radius of the droplet. 

7 ^ = vdseosity of air. 


(1) 

( 2 ) 


m - iTa\h 
8 


P)' 


Of these two eejuations the second gives the radius of the sphere, 
and hence the mass m which appears in the first formula. So 
far, for the sake of simplicity, the density of air has been neglected, 
since it is very small compared with that of oil. In an exact 
determination, however, this is not permissible, so that (8 — p) 
has been put in place of p. 

When Millikitn carried out experiments on droplets of different 
diameters, he obtained values of the elementary eharge which, 
instead of being absolutely constant, increased slightly according 
as the velocity of the droplets examined was slower ; for instance, 
if the value was 5-49 X 10“*” for a droplet with a velocity of 
1 mm. in 10 secs., the value obtained for a droplet w'ith’five 
times this velocity was 5'14 X 10“ These differences pointed 
to the fact that Stokes’ law was not rigorously applicable. 
Millikan rightly considered that the droplets were so small that 
their dimensions were comparable with the distances between 
the molecules of air, and thus the essential condition of Stokes’ 
law, viz., that the spherical particles considered were moving in 
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a continuous and homogeneous medium, was no longer being 
fulfilled. If the particle is extremely small, its diameter becomes 
comparable with the dimensions of the molecules themselves, 
and there are times at which it is moving in the space between 
the molecules ; at such times its velocity must increase and it is 
therefore no longer uniform. This means that the observed 
velocity of fall must exceed that given by Stokes’ law by an 
amount which is greater the smaller the })articlc, and the value 
found for e will be greater as the radius decreases. This was 
precisely the way in which the droplets studied were found to 
behave. 

In order to be able to allow for this effect with certainty, 
Millikan first of all sought to eliminate all j)ossibility of error due 
to an imperfect knowledge of the eoefiieient of viscosity. 

Experimental work carried on for a period of two years by 
eminent physicists led to various determinations of the value of 
7j ; these were based on such phenomena as, for example, the 
flow of air through capillary tubes, the damping of the oscillations 
of a pendulum, etc., and gav(‘ a mean value of ()-()0018220. 

This portion of the problem was thus placed beyond all doubt. 
To investigate the applicability of Stokes’ law, some interesting 
experiments were carried out by Dr. H. D. Arnold of Chicago, 
using alloys of low melting-point. 

Some Rose’s metal, which melts at 82° C., was placed in a glass 
tube 70 cm. long and 3 cm. in diameter. The water in the uppcT 
part of the tube was kept at a temperature of 100°, while in the 
lower part, whieh was a long piece of capillary tul)e, the 
temperature was 60° C. Thus, when by means of eompr(\ssed air 
the metal was forced out of the capillary, it issued as a cloud of 
very small spheres with perfectly smooth surfaces and ranging 
in diameter from 0-2 to 0*004 cm. By means of these s})heres it 
was possible to determine the limit above whieh Stokes’ law 
ceased to hold exactly. 

The following elegant method was used by Millikan to correct 
the results he had obtained. If Stokes’ formula needs correcting, 
it is because the ratio l/a between the mean free path of the 
molecules of air and the radius of the spheres has become 
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appreciable so that, as has been stated already, the sphere begins 
to be comparable in size with the voids between the molecules. 

It is therefore safe to assume that Stokes’ law, as corrected, 
will take the following form : 

=1^(8 - p) (l + A-) ... (8) 

9 \ aj 

where A is a constant. It is obvious that the term A(Z/a) is 



quite small ; if this term be neglected, since Ifa is of the order 
of one-hundredth or one-tenth, instead of the true value e of the 
atom of electricity we obtain a value e' which is related to e by 
the following equation : 

e = ^7(1 + Al/af^ (4) 

for it is easy to show that the coefficient (1 -|- Alfa) which occurs 
in (3) appears in the final result, i.e., the formula for e, as a 
correcting coefficient (1 -f- Ai/a)®^“. 
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This being so, equation (4) may be written in the form 

^2/3 (1 + Al/a) == {e'f^ (4a) 

and sinee the radius a is known approximately, it will be clear 
that if the results of experiments on various droplets of different 
radii be plotted on a graph (sec Fig. 36), the values of 
being taken as ordinates and those of Ija as abscissae, the points 
should fall on a straight line. This follows from the fact that 
the equation (4a) is of the form B(1 + Da?) = and this equation 
represents a straight line. 

If the gra})h be drawn as described, the intercept on the axis 
of ordinates gives that is to say, the result desired. To 
obtain e this value must, of course, be raised to the power 3/2. 

The radius a varied, for instance, from 4 X 10“^ to 60 x 10““^ 
cm. 

The number of electrons varied from one to a hundred per 
droplet ; IJa had values ranging from 0*01 to 0*40. 

The value of Ija could be varied either by using droplets of 
different radii and a constant pressure, or by using one and the 
same droplet with different pressures (from 4 to 76 cm. of mercury). 

On the completion of his experiments — which were very 
quickly published throughout the world — Millikan found that 
e == 4-774 X lO”" absolute electrostatic units, with the very 
small probable error of 0-005 X 10“^^. 

Brownian Movement in Gases and the Charge of the Electron. 

M. de Broglie and Fletcher 

We shall now consider another interesting method for making a direct 
measurement of the elementary charge. 

In 1908 Maurice de Broglie * placed in a glass vessel some of the metallic 
powder formed by the condensation of the vapours produced by an arc, or 
an electric spark, struck between metallic electrodes. He observed this 
metallic dust through a microscope by means of a horizontal beam of light, 
which illuminated the particles as they executed Brownian movements. 

Two metallic plates, which could be electrically charged, were arranged 
vertically, and the particles were enclosed in the space between them. 

De Broglie observed that when a difference of potential was applied between 
the plates some particles moved in one direction under the influence of the 
electric field, while others moved in the opposite direction and the remainder 
were unaffected. A certain number of the particles, therefore, were charged, 
some positively and some negatively. 

♦ Comptes KenduSf 140, pp. 624 and 1010, 1908 ; 148, pp. 1163, 1315 and 
1806, 1909. 
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A year later, with the same apparatus, that is to say, a box maintained at a 
constant temperature, de Broglie carried out experiments on droplets of 
water condensed on tobacco smoke. 

In his apparatus the air containing tobacco smoke was blown into the box, 
in the interior of which a powerful horizontal beam of light was focussed ; the 
microscope was vertical and at right angles to the beam, while the electric 
field was horizontal. 

The tobacco particles appeared as brilliant points of light exhibiting 
Brownian movements, and under the influence of the electric field F a particle 
having a charge c moved with a uniform velocity v given by the expression 

F .e ==Kv (1) 

K is termed the coefficient of resistance. This coefficient K is actually the 
coefficient which occurs in Einstein’s equation, 

2^2 _ 2(RT/NK)r (2) 

where N is Avogadro’s number, R the gas constant, and T the temperature 
of the gas, while t is the time interval within which are measured the displace- 
ments Ja?, the mean square of which is represented by Ax^, Eliminating K 
from the equations given above, de Broglie obtained the c*harge e from a 
series of experiments, N being given the then accepted value of 05 x lO^^. 
In this way the value of e was found to be 4*5 x 10- electrostatic units, and 
so the first proof of the truth of Einstein’s law' for gases w'as obtained. 

In 1911 Harvey Fletcher* made a noteworthy contribution to this class 
of experiment by combining the work of Millikan on droplets of oil (described 
above at considerable length) with the work on Brownian movements in 
gases that we have just been considering. 

A charged droplet of oil between two horizontal plates giving a uniform 
field F is subjected to Brownian movements. If v is the velocity of free fall, 
and Ua the velocity when the field F is acting, it is known that 


e = (mgjFv) (v -f 

and also, if K is the coefficient of resistance defined by mg == Ku, 

e = (K/F) (n + t^a) • (a) 

Further, Einstein’s equation is 

= 2(RT/NK)t (j8) 


From these two expressions (a) and (j8), which do not contain the mass of 
the droplet, it is possible to obtain the value of the product Ne by eliminating 
if, the coefficient of resistance of the medium. 

The method used in practice was as follows : a droplet w'as held in 
equilibrium and the displacements due to its Brownian movement were 
measured ; then u, the velocity of fall when no field was acting, and 
that under the influence of the field, were measured. 

Since forming the squares of all the measured displacements according 
to their direction is a laborious operation, it was avoided by relying on the 
known relation,'f which connects the mean value of the displacements with 

their mean square, viz., mean of the displacements = V 5 Ax\ 

2 

* H. Fletcher, Le Radium, 8, p. 279, 1911. 

t This can be deduced from Gauss’s law concerning the distribution of 
errors. It is to be noted that in forming the mean value of Ax the absolute 
values of this quantity are taken regardless of sign, otherwise the mean 
would clearly be equal to zero. 
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Since ill! the quantities F, T, u, v^, and It are known, it is possible to 
find Ne, which is given by 


NV = 1 RT 

^ F . Ax^ 


( 3 ) 


By this means Ne, i.e., the charge of the gramme-ion, was obtained, and it 
was found that it was equal to that given by electrolysis, a phenomenon of a 
very different kind. This is sufficient to show that the elementary electric 
charge is unique, constant and universal. 


Fleteher could have measured the displacements Ax of an oil particle and 
obtained the mean value as just described. However, he introduced another 
noteworthy simplification, by means of w'hich the observation was limited 
to that of vertical motion only, and his method will now be explained. 

Consider a droplet of oil which falls through a fixed vertical distance, viz., 
that between two lines on a graticule ; let f be the average time of fall and v 
the mean velocity ; if the time of fall be observed a hundred or a thousand 
times, it is possible to obtain the average variation At, which the time of fall f 
exhibits owing to the Brownian movement. Now it is clear that in equation (S) 
there appears the ratio t/Ax^ between the time interval t and the square 
of the corresponding mean displacements along any selected axis, but it is 
evident that for this constant ratio we may substitute tjAt- , since in a 
vertical movement t is the time of observation and vAt is the corresponding 
distance. The same thing may be otherwise expressed by saying that the 
distance fallen, which w'ould be vt in the absence of any Brownian movement, 
becomes i'(t -f Jf), so that the difference is vAt, 

This expression vAt refers to a single Brownian dis])laecment ; the mean 
square is therefore v^Afi, as has been stated. It follows, then, that by means 
of a simple observation of times of free fall (in the absence of the electric 
field) it is possible to obtain the value of the ratio rjAx'^^ which is needed before 
equation (3) can be used. 

For example, Fletcher counted 5,900 times of fall (1914) for a single droplet 
of oil, and he obtained Ne =- 2-88 X 10^^ electrostatic units, which is in 
perfect agreement with the value 2*89 x 10^* found in electrolysis. 

Other experiments were carried out by E. Weiss, Przibram, and others, 
on droplets of other substances of different kinds. 

Anyone may easily verify that this value of 2*89 x 10^* is the product of 
Avogadro’s number N = 60*0 x lO*^ elementary charge e -- 

4‘77 X 10" as so elegantly determined by Millikan. 


♦The Mean Free Path of an Electron in a Gas — Ramsauer 
Effect * 

In Vol. II, Chap. VIII we shall find the explanation of this 
effeet of whieh we shall now only give a general idea. 

We may here refer to what has already been deseribed in the 
kinetie theory of gases, where a simple expression was derived 
for the mean free path of a gas moleeule, viz. 

I = l/7ra^'v/2 '. (♦) 


C. Ramsauer, Ann. der Physik, 72, p. 345, 1923. 
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where n signifies the number of molecules per cubic centimetre, 
and cr is the diameter of a molecule, or rather, the radius of its 
sphere of action. 

Now in the case of an electron moving in a gas, the fact that 
the size of the electron is only of the order of 10“^^ cm. compared 
with the diameter a which is of the order of 10“® cm., enables a 
simplification to be made in the above formula. Further, the 
electron moves with a velocity which is much greater than that 
of the molecules on account of the principle of equipartition of 
energy (the mass of any molecule, it will be remembered, is at 
least 3,600 times as great as that of an electron) ; for an electron 
which can be regarded as a point, the sphere of action of the 
molecule has a radius equal to Since, as has just been 

explained, the molecules may be considered as being practically 
at rest with respect to the electrons, the formula for the free 
path becomes : 

Free path of the electrons Lj = — 

and for the molecules : 

Mean free path of the molecules 

L Li -f- 4V2 

since the factor \/2 of formula (♦) now disappears.* 

Now let a stream of electrons be projected through a gas, all 
the electrons having approximately the same velocity which is 
determined by the value of the accelerating potential ; the number 
of electrons reaching any point in the gas can be measured by 
means of an electrometer which indicates the charge received in 
unit time in a Faraday’s ice-pail, and this number of electrons 
can be compared with that which the stream contained at its 
source. These are the experiments carried out by Lenard in 
1908 and later by Mayer (1921), as indicated diagrammatically 
in Fig. 37.f 

In this way it is possible to find the number {y) of electrons 

* Because one of the two kinds of particles under consideration has a 
velocity which is very much greater than that of the other. 

f H. F. Mayer, Ann. der Physiky 64, p, 451, X931. 
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which, after collisions with the molecules of the gas, reach a 
point at a distance x from the source, and this may be done 
for any desired gas pressure. 

In Fig. 37, T is a glass tube the pressure within which can be 
varied, F is an incandescent filament which gives off electrons, 
Q is a metallic screen, and between F and Q there is set up the 
accelerating field. <9^ is a perforated screen and x a distance 
variable at will. Between C and S^ there is a retarding potential 
the value of which is equal to 0'95 that of the accelerating 
potential between F and Q ; in this way if an electron loses 
5 per cent, or more of its energy through collisions which take 
place along its path, it will never reach C. 



The law connecting y and x has been studied by this method, 
and the relation found is of the form 

y = = 

where a is a constant inserted so that the pressure may appear 
in the formula. 

The number {y) of electrons which traverse the distance x is 
thus given by I = c” but it is also given by Ic" where Lj 
is the free path. It follows at once that 

(Xp = 1/Lj = TT 

This equation shows that evidently, from experiments of the 
kind carried out by Lenard and Mayer, it is possible to deduce 
the total cross-section of absorbing material ; actually the quantity 
a found in these experiments, being equal to w(^a)®(n/p), should 
be constant and should give the cross-section (in sq. cm.) of 
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absorbing material per cubic cm. of gas at a pressure of 1 mm. 
and at a temperature of 0° C. 

From these experiments it is possible to compare the quantity 
a with that obtained from the equation ap = l/[L.4'v/2j, where L 
is the free path deduced, in its turn, from viscosity measurements. 
In this way two different kinds of phenomena can be compared, 
phenomena which, on a cursory examination, would appear to be 
equivalent (the mean free path as found from kinetic considerations 
and the passage of electrons through a gas). To investigate this, 
Ramsauer devised the apparatus shown in Fig. 38. Here the 
path along which the 
absorption takes place and is 
measured is circular and not 
rectilinear, but this is 
unimportant ; with great 
ingenuity he devised a means 
for producing a stream of 
electrons all of which had the 
same initial velocity, and this 
we shall now describe. 

The electrons, which are 
liberated photo-electrically (by 
the effect of light emitted 
from the electric arc A), 
strike the metal plate P 
and arc accelerated by the electric field between P and 
the metal gauze G. After passing through the slit S, they follow 
a circular path under the action of a magnetic field H perpendicular 
to the plane of the figure. By means of other slits, S 2 , S^, S^, 
the electrons having a certain velocity are kept in the circular 
stream while those which have velocities different from this, so 
that their paths take on different curvatures, are removed from 
the stream. Two insulated enclosures occupy the third and 
fourth quadrants of the path and surround the slits and ; 
thus by means of electrometers the total charge entering the two 
enclosures may be measured. These experiments give, for any 
pressure, the currents entering the third and fourth quadrants. 
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Let Pi and pressures in two successive experiments, 

®3 and x^ the distances traversed between the screen S-y and the 
slits (Sg and S^ respectively. A simple calculation gives a in 
terms of the distances, the observed currents and the pressures 
Pi and Pa- 
using this method, Ramsauer was able to study the relation 
between the velocities (these velocities are proportional to the 
square roots of the accelerating potentials) and the quantity 
7r(|<T)® which, as we have stated, gives the total cross-section of 
material opposed by the molecules to whatever is passing among 
them. 

The quantity is the cross-section of absorbing material 

(measured in sq. cm.) per cubic cm. of gas at 1 mm. pressure 
and — it is necessary to add — at 0° C. 

The Ramsauer effect may be summarized by saying that slow 
electrons moving through a mass of gas (one of the rare gases) 
travel practically undisturbed * ; this could not be explained for 
several years until the theory of wave mechanies was developed, 
and this, as we shall see in Vol. II, Chap. VIII, treats these 
problems from a different point of view. 

The Part played by the Electron in Conduction — Super- 
conductivity — The Experimental Facts 

The variation of the conductivity of bodies, either for heat or 
for electricity, under changes of temperature, pressure, purity, 
etc., etc., has been the subject of an enormous amount of study, 
both experimental and theoretical. 

Several theories have been proposed in the last thirty years 
with the object of co-ordinating all the experimental material 
and bringing it into a self-consistent system, but so far the 
situation has always remained unsatisfactory ; the very multiplicity 
of the theories has been a visible sign of the prevailing uncertainty ; 

* The surprising result of Ramsauer’s experiments is the discovery that 
the cross-section of absorbing material depends on the velocity of the electrons 
passing through it, so that the mean free path of the electrons also depends 
on this velocity. Actually it is found that for very slow electrons (accelerated 
by a few volts only) the cross-section is much smaller than that found by the 
theory of viscosity (so that the free path is notably greater for such electrons 
than for electrons of normal velocities). 
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now, however, Sommerfeld and others, using Fermi’s statistics as 
a basis, have at last been able to throw some light on this subject, 
and this will be seen in Vol. II, Chap. IX, when we have explained 
Fermi’s statistical principles. 

The electrical conductivities of the different elements exhibit 
an enormous range, as great as that covering terrestrial and 
stellar magnitudes. The mass of the heaviest atom is 240 times 
as great as that of the lightest ; the densities of the elements in 
the solid state, their compressibilities, and their other thermal 
and mechanical properties cover ranges of a hundred to one or a 
thousand to one ; the energy required to drag the innermost 
electron out of the atom covers a range of 100,000 to one in 
passing from the first to the last of the elements in the periodic 
table ; but the ratio of the electrical conductivity of sulphur to 
that of silver is as 1 to lO^^. It will be seen that a disc of sulphur 
0-02 mm. thick offers more resistance to the passage of electricity 
than that offered by a cable of silver of the same diameter, 
stretching from the earth to the star oi-CentauriJ^ 

The electrical conductivities of metals, however, are confined 
to a small fraction of this enormous range ; it is between the 
metals and the non-metals, and among the latter, that the 
differences are so enormous. 

In general, too, the resistance of a non-metallic element decreases 
as the temperature rises, i,e., the characteristic curve (R as a 
function of t) bends downwards, the derivative is negative ; this 
usually occurs at ordinary temperatures, but not throughout the 
scale of temperatures which can be obtained in practice ; for 
some elements the curvature is concave upwards, then it ceases 
to bend, then passes through a minimum and finally rises. 

For metals the first obvious rule is that the values of their 
conductivities are fairly close together ; from silver, the best 
conductor, to bismuth, which is at the opposite extreme, the 
resistance rises in the ratio 1 : 75. 

The second very well-known rule is that increase of temperature 
causes an increase in resistance. It is commonly said that the 

♦ K. K. Darrow, Some Contemporary Advances in Physics'jy), Bell System 
Technical J., 3, p. 624, 1924. 
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resistance is nearly proportional to the absolute temperature ; 
the relative increase is — to a fair approximation — equal to that of 
the voliune of a gas under constant pressure. In other words, 
this means that, as a gas maintained at constant volume undergoes 
a pressure increase of 1/273 for each degree rise in temperature, 
the same occurs as regards increase of electrical resistance ; 
actually this coeflScient varies from 0-0058 (potassium) to 0-0068 
(iron), however, and moreover the curve (R, t) is not exactly a 
straight line, but is better represented by means of the expression : 

R = Rq (1 + + bt^). 

The coefficient b is usually positive, and the characteristic curve 
is concave upwards, but the group of metals platinum, iridium 
and osmium is an exception. 

These and other experimental details are now well known ; but 
there is another phenomenon which is absolutely characteristic, 
viz., the superconductivity which occurs only for certain metals 
at the lowest temperatures, such as it has only been possible to 
attain within the last twenty years, owing to the advances in the 
technique of low temperature production. The greatest progress 
has been that made in the cryogenic laboratory of the University 
of Leyden, under the direction of Kamerlingh-Onnes,* who died 
in February, 1926. It was found that the temperature of 14° 
absolute, reached with liquid hydrogen, did not change the 
conductivity of metals in any striking way, but when, by the use 
of liquid helium, Kamerlingh-Onnes was able to get to within 
5° of the absolute zero, a marvellous thing happened. 

It should be noted that the temperature range within which he 
was able to experiment on metals (from 1-5° to 5° absolute), 
although it is small compared with the vast scale of temperature 
which can be obtained in practice, is nevertheless great when 
considered in terms of the distance of its lowest point from the 
absolute zero. This simple remark will indicate that there is here 
a possibility of the appearance of a discontinuity. 

Kamerlingh-Onnes experimented first of all with platinum wires, 
and he found that down to the interval of temperature then 

* Lea Supraconducteura, H. K. Onnes, in Atomea et Electrom, Rapports 
du ConseU de Physique Solvay, 1928, p. 165. 
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reached (from 1’5° to 4'8° absolute) the resistance of the wire was 
unaltered ; this was interpreted as meaning that the resistance of 
the metal, which had become very small as the temperature was 
lowered, now consisted solely of a term independent of temperature, 
due, probably, to discontinuities in the wire produced by impurities 
in the metal. In order to obtain a pure metal, he substituted for 
the platinum a sample of mercury which had been distilled many 
times and which he enclosed in a capillary tube so as to obtain a 
very fine thread which at ordinary temperatures had an appreciable 
resistance ; in one case, for example, this resistance was 173 ohms. 
When he lowered the temperature of the filament to that of liquid 
helium, at a certain point the resistance vanished. 

Vanished is not any extravagant word here ; it is justified by 
the fact that this resistance was suddenly reduced to a millionth 
part of the value that it had at 4*1°. 

A few other elements were found to exhibit the same astounding 
behaviour, viz., tin, the resistance of which vanished at 3-78°, 
lead (at 7-2®), and thallium (at 2'3°). 

In its superconducting state lead had only 1/10^* part of its 
resistance at 0° C. Some years after the time of this sensational 
discov'cry, announced by Kamerlingh-Onnes at the Solvay 
Vongress held at Brussels in April, 1921, one of his collaborators. 
Professor A. Tuyn, experimenting to find out whether any other 
elements became superconducting, found that indium also showed 
a discontinuity of electrical resistance at a temperature of 3’41° 
absolute. 

Other elements, however (gold, cadmium, platinum, copper 
and iron), were found not to become superconducting at any 
temperatures that could be reached. In the neighbourhood of 
the absolute zero each of these metals has a constant resistance 
which is independent of the temperature. 

It is not yet known whether any other metals exhibit super- 
conductivity ; it may be that it occurs in the one degree interval — 
above the absolute zero — which has not yet been investigated. 

Extraordinary things occur in a domain from which electrical 
resistance is absent. Thus Kamerlingh-Onnes found that in a 
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chamber cooled to the temperature of liquid helium, a current of 
820 amps, circulated for half an hour in a lead ring without the 
application of any electromotive force and with a loss of only 
1 per cent, of its initial value. 

In another experiment, a current of 49 amps, flowed for an hour 
in a spiral of lead of 1,000 turns and lost less than 1 per cent, of 
the intensity which it had when it was started by removing tlu* 
magnetic field in which the coil was originally situated. 

With this rate of decrease it would take more than four days 
for the current to diminish to one-hundredth of its initial value, 
if the temperature of the lead wire were kept down to the necessary 
value for the whole of this time ; the resistance which was more 
than 700 ohms at room temperature had fallen to 1/10® ohrn ! 


Pressure has, in general, very little effect on the resistance of 
metals, e.g,, if the original pressure of one atmosi)here is raised to 
1,000 atmospheres, the resistance only shows a difference of a few 
per cent. 

The technique of applying huge j)ressures under rigorously 
controlled conditions has been developed, especially by Bridgman, 
in the physical laboratory of the University of Harvard (U.S.A.) ; 
Bridgman attained 12,000 kg. per square cm. No close relation 
was found between the change of volume and the change of 
conductivity ; in general, the conductivity increased with the 
pressure as if the passage of electricity were facilitated by bringing 
the atoms closer together. 

The effect of pressure over a range of 1 to 12,000 atmospheres, 
and over the temperature interval between 0° and 100° C., was 
studied for 44 pure metals by Bridgman. 

In all forty-four cases except six,’*' the resistance is decreased 
by an increase in pressure ; the decrease is of the order of ten 
times that which would be expected from the change in the 
dimensions ; as might be anticipated, the conductivity increases 
notably in the case of the alkaline metals which are very 
compressible. 


* Lithium, calcium, strontium, antimony, bismuth, zirconium. 
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The cloerease of resistance for a pressure of 12,000 kg. varies 
from 72 per cent, for potassium to 1*1 per cent, for cobalt. 

The relation between the j)ressurc and the resistance is not 
linear, since the change takes place less quickly at high pressures. 
The case of caesium is unique in that the resistance begins to 
decrease rapidly, as would be expected with a very compressible 
alkali metal, but in the neighbourhood of 400 kg. it passes through 
a nrinimum and then increases more and more rapidly. 

The table below shows some of the values obtained by Bridgman 
for the resistance at various pressures : 


Electrical Resistance of Rubidium and Ccesium 



llelative Klcctrical Resistance. 

Pressure, kg./sq cm. 

Uul)i(liuin. 





Cjesium. 




At 0" C. 


At 0" C. 

At 35° r. 


1 

1 000 

1-205 

1-000 

1 ,000 

1 ooo 

1-982 

1-863 

2,000 

o-7;j;i 

0-840 

0-779 

4,000 

0-583 

0-663 

0-709 

8,000 

0-428 

0-481 

0-794 

12,000 

0-360 

0-406 

0-994 


The thermal conductivity C is closely related to the electrical 
eonduetivity ; iu the range of temperatures ordinarily met with, 
C for metals is approximately independent of temperature ; at 
very low temperatures C increJises, but very much less rapidly 
than the electrical eonduetivity a ; and since a is nearly inversely 
proportional to the temperature, the ratio CjaT is approximately 
constant for the majority of metals over quite a wide range of 
temperatures. Further, this ratio is the same for all metals 
(within a variation range of 1 : 2), and this fact has been of great 
importance in building up theories of conduction. 

In this discussion of thermal and electrical conductivities we 
omit all reference to the effects of mechanical tension, to the 
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effects of varying the temperature and pressure simultaneously, 
to the phenomena exhibited by a single crystal, to the behaviour 
of alloys and liquid metals, etc., etc. All these have been the 
subjects of endless experimental research. 

Theories of Conductivity 

It will be seen that the amount of material available on the 
experimental side is simply enormous. 

This would be the proper place at which to describe a theory 
which correlated all these facts, but so far such a theory does not 
exist. 

It might therefore be thought necessary to give a critical rdmm^ 
of all the theoretical work which has been carried out, commencing 
with that of Drude ; it will, however, be sufficient to mention the 
contributions of Lorentz, Debye, Wien, Gruneisen, Lindemann, 
Borelius, Thomson, Benedicks, Waterman, Bridgman, etc., etc. 

In April, 1924, a number of eminent physicists who had 
specialised in the subject of conductivity met at Brussels on the 
occasion of the fourth Solvay Congress. Among these were 
Kamerlingh-Onncs, Lorentz, Bridgman, Debye, Richardson and 
others. The proceedings of this assembly have been collected in 
the volume of “ Rapports et discussions du quatrieme Conseil,” 
where the reader will find collected all the theories propounded on 
this subject ; but their very multiplicity is an indication that a 
complete physical conception of the phenomenon has not yet been 
developed. Since that time other theoretical contributions to the 
subject have been made, notably by Frenkel, Houston and Bloch, 
who have applied to the problem of conductivity the modern 
wavc-mechanics. In this they have followed Sommerfeld, who, 
basing his work on Fermi’s statistics, succeeded in 1927 in 
accounting, at least to a first approximation, for the phenomena 
of electrical and thermal conductivity as well as the other related 
phenomena (Hall effect, Peltier effect, Richardson effect, etc.). 
This we shall consider in Vol. II, Chap. IX. 

Nevertheless, in view of the very great importance of the first 
of the theories put forward, viz., that propounded by Riecke and 
by Drude towards the end of the last century and subsequently 
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elaborated by other workers,* we are obliged to give a brief 
account of it, the more as this will be useful later when, in Vol. II, 
Chap. IX, we explain Sommerfeld’s theory. 

First of all it must be remembered that during the last decades 
of the nineteenth century, the conception formed by physicists of 
the passage of electricity through metallic conductors was that 
this was due to charged particles which were independent of the 
particular chemical nature of the body ; this idea was suggested 
by the fact that the passage of the electric current in metals did 
not cause any movement of material such as was observed in the 
case of electrolytic conductors. When, therefore, the electron, 
that unique and universal constituent of electricity, was discovered, 
it seemed natural to identify it with the carrier of electricity in 
metals. 

This idea is supported by the thermionic and photoelectric 
effects ; it is well known that any metal, if heated to a sufficiently 
high temperature, will give off electrons. Similarly, electrons are 
emitted if the metal be illuminated with light of a sufficiently 
short wave-length (the photoelectric effect). The quantity that 
can be emitted is unlimited provided the metal is kept supplied 
by means of a conductor carrying a current. 

Thus a metal is regarded as consisting of a system of atoms 
forming a crystal lattice, and of a cloud of electrons which arc not 
bound to the atoms but wander irregularly in the interior of the 
metal just as gas molecules wander in the vessel enclosing them. 

Thus what is observed in electrical conduction is tlfe following : 
when a difference of potential is set up in a bar of metal, the 
electrons move gradually through the metal, heating it as they go, 
just as if the flow were similar to that of heavy particles falling 
with uniform velocity in a gas. 

This is explained by assuming that each electron moves freely 
for a short distance, collides with something to which it giyes up 
the energy it has gained during its movement in the electric field, 
then moves on again along a short path, and yields a further portion 
of energy in another collision, and so on in this way, going from 
point to point. Now the energy given up at each stoppage must 
* Lorentz, Wien, PJanck and Bohr. 
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be equal to the kinetic energy of the atoms in the midst of which 
the electrons are moving, because by the principle of the 
equipartition of energy, particles which are mixed together in 
thermal agitation possess the same mean kinetic energy no matter 
whether they are light or heavy. 

We have spoken of a framework of atoms, but to be more exact 
we should have spoken of ions^ since, if the piece of metal which 
we are considering is electrically neutral, and if it contains free 
electrons^ the atoms must be ionised, either wliolly or partially. 

The positive ions will be capable of oscillations about their 
positions of equilibrium ; these oscillations will be larger the 
higher the temperature, and their energy will form ])art of the 
thermal energy of the body. 

These are the general ideas on the nature of metals upon which 
during the closing years of the last century various physicists such 
as Riecke, Drude and Lorentz have endeavoured to build up a 
complete theory of the thermal properties of metallic conductors. 

We shall now proceed at once to treat of the problem of 
electrical conductivity in such a way as to obtain the mathematical 
expression which represents the movement of the current-carriers. 

Let T represent the time interval between two consceuti\^e 
collisions, E the intensity of the electric field in the metal, e the 
charge of the electron, and m its mass. 

If a conductor contains n electrons per unit volume, and if 
these move normally to the plane of the cross-scction with a 
velocity v, then the quantity of electricity which passes through 
unit area of cross-section in unit time is given by i == nve, and 
this is the current density due to the movement of the electrons. 

Their free path I is connected with their velocity u by the 
equation r = Iju, and their mean velocity in the direction of the 
field is 

V = \ {Eelm)T = I (Ee/m) (l/u). 

Thus the current density becomes i = \(ne^lmu)lE, which 
expresses the fact that the current density is proportional to the 
field ; this formula, in fact, is an expression of Ohm’s law. The 
resistance of the conductor is clearly the reciprocal of the coefficient 
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of E in the expression written last above, and the conductivity 
1 nle^ 

a = TT is ffiven by a = - — • (1) 

resistance ® 2mu ' 

We can now proceed to deal with the thermal conductivity C 

in a similar manner, and by combining the two expressions, 

obtain the well-known formula of Wiedemann and Franz. 

To obtain an expression for C we must remember that, as the 

electrons move, they carry with them something which we may 

represent by G,* and the amount of G which passes per second 

through unit eross-scction of the metal bar is evidently proportional 

to the number ii of electrons per cubic cm., to their mean free 

path /, to their mobility tt, and to the gradient dG/dx (in the 

direction of the axis of the bar) of whatever is represented by G. 

Put more definitely, the formula representing what takes place 

and giving the value of Q, the amount carried per second across 

1 

one square cm. of eross-scction is Q = nlu (dG/dtr).f 


1 

Considering now the trans{x»rt of heat, the quantity G is - mu^> 

Jd 

the kinetie energy of the electrons, and by the jjrinciple of the 

1 3 

equipartition of energy - mu^ = - (R/N)T since the eleetrons at 

It It 


* G may represent momentum, kinetic energy, etc. 

t So as not to interrupt the concise development of the argument we may 
give just an outline of the way in whieh this formula is derived. 

If n be the number per eubie centimetre of the particles which carry G 
with them as tliey move about ((i may be momentum or energy), and dn the 
number passing through one square centimetre per second in any direction 
whieh is inclined at an angle lying between B and (0 + d&) to the direction 
of transport of G being considered, then dn — \rm cos B sin B dB, where u is 
the mean velocity. From this it follows that the quantity of G which is 
transported in unit time in this direction is given by ^fiu cos B sin & dB X 
/cos BidGfdx), Integrating over a hemisphere, i.v,, from ^ 0 to 9 ~ tt, 

the total amount of G transported is \nul(dGldx), 

If G ref)resents momentum, mw, the problem is that which arises in the 
study of the viscosity of gases and dGjdx ~ 7n(duldx) ~ m, since the viscosity 
is defined as the resistance per unit velocity gradient, so that viscosity =- 
i 7nnlUy and this is the expression whieh w^as given on j). 83 of the chapter 
on Kinetic Theory, 

The calculation may be made more rigorous by allowing for the latv of 
distribution of velocities. 
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a temperature T have the same kinetic energy as the molecules 
of a gas at the same temperature. 

1 3 

We may, then, put in place of G the quantity - mu^ = - (R/N)T 

Ad U 

which is appropriate to the phenomenon we are considering, and 
so we obtain 

1 

Thermal conductivity C = - nlu 


dx VN V 


Now if C be defined in such a way that dTfdx = 1, we obtain 


Thermal conductivity 


C = - nlu 




( 2 ) 


Dividing (2) by (1) we obtain the desired relation between the 
two conductivities : 

C 


C _ 3 
a e^ VN/ 


R, N and e are universal constants, so that the following law 
may be stated : The ratio of the thermal to the electrical conductivity 
of a metal is independent of the nature of the metal and is proportional 
to the absolute temperature. 

The first part of this proposition is precisely the law which 
was established empirically by Wiedemann and Franz (1853). 
The second part, however, is due to Lorentz. 

This simple relation is undoubtedly very important ; by 
substituting for R, e and T their numerical values we can obtain 
a check with experimental data obtained on various metals. If, 
for example, the comparison be made at 18° C., T = 291 ; the 
constant R/N is 18-7 x 10“^’ (absolute units) ; the charge of the 
electron in electromagnetic units is 1*59 x 10-*®. 

Thus we obtain : 

Thermal conductivity ^ ^ ^ ^ ^ 

Electrical conductivity \Ne/ 


The ratio of the conductivities should, then, be equal to 
6*95 X 10^®, and, further, the coefficient of its variation with 
temperature should be 1/273 = 0‘0037. 

Some experimental values are : — 
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Metal. 

Ratio of Conductivities. 

Coefflcieiit of Variation per 
Degree. 

Copper 

6-71 X IQi® 

00039 

Silver 

6-71 X IQi® 

00037 

Gold . 

7-09 X IQi® 

00037 

Zinc . 

6-72 X IQi® 

00038 

Tin . 

7-35 X IQi® 

00034 


It will readily be understood what an important part has been 
played by the law of Wiedemann and Franz in the development 
of theories of conductivity ; speaking broadly, the electrical 
properties of metals are explained (as has been said already in 
p. 48). 

During the last few years, however, in the light of present-day 
ideas regarding the constitution of the atom, this conception of 
“ free ” electrons colliding with positive ions has been shown to 
be completely fallacious, and a more correct picture of the 
movement of the electrons in a metal, either solid or liquid, has 
been constructed.* 

It is not possible to describe this at present because we have 
not yet reached a sufficiently advanced stage in our work. Matters 
are not yet very clear, and the reader may be surprised to find 
that the wide range of practical applications in which thermal 
and electrical conductivities play their part have not yet received 
a complete theoretical interpretation. 


CVrtain difficulties arose when Drude, in extending the theory 

* Let US first consider a body in the gaseous state ; in this case there are 
no free electrons, for metallic vapours are perfect insulators. The electrons 
which are “ set free ” when the vapour condenses are the electrons in the 
outer shells of the atoms, those electrons which determine the valency. 
But the process of setting these electrons free is ionisation^ and this requires 
an expenditure of energy which, even in the most favourable case (caesium), 
amounts to 100 large calories (100,000 gramme-calories) per gramme-atom. 
Now the condensation of a metallic vapour is accompanied, not by an absorp- 
tion, but by an evolution of energy ; moreover, it is the outer electrons which 
determine the force of cohesion, the work corresponding to which is equal to 
this evolved energy. It follows that these electrons cannot really be set free, 
but that, on the contrary, they are bound even more firmly than when the 
atoms are isolated from one another. 
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of conductivity which we have just outlined, endeavoured to 
interpret it on the hypothesis of free electrons, and to account 
for the law of Wiedemann and Franz. 

Starting from the assumption that the electrons move with the 
same kinetic energy as the atoms in a gas at the same temperature 

1 3 

(expressed in symbols as - mu^ = - kT), it may be deduced from 


equation (1) that 


nl 


2 '\/3km VT 

If this expression be considered in the light of the fact that 
the eonductivity of most metals deereases with rise of temperature 


more rapidly than in proportion to IjVT (actually the rate is 
nearer 1/T), it will be elear that the product nl must be supposed 
to vary with temperature ; if, as seems natural, it be supposed 
that the mean free path I depends on the distance between 
adjacent atoms, a distance which varies very little with the 
temperature (and, moreover, in the direction opposite to that 
demanded by the theory), it ean only be assumed that the 
proportionality between a and 1/T is due to the fact that the 
number n of free electrons (per cubic cm.) changes with T ; 
further, since the degree of dissociation increases with the 
temperature and tends towards a limiting value, there should be 
a temperature range within which the effect of the variation in n 
should predominate and then a range over which the variation of 
Ij'VT becomes more important than that of n. Thus the theory 
cannot explain a continuous increase of resistance with temperature, 
such as is found for metals. 

There are yet other difficulties. 

Drude arrived at his well-known formula : 


Thermal conductivity _ g / R 
Electrical conductivity \eN 
by assuming a uniform velocity for the electrons ; if, however, 
we follow Lorentz and allow for the fact that the distribution of 
velocities is really Maxwellian, the numerical factors which enter 
into the expressions for the two conductivities are different, and 
hence the ratio is different and in fact becomes : 
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Lorentz’s expression 

Thermal conductivity _ g / R 
Electrical conductixnty \eN 

Thus this attempt to make the theory more complete leads to 
a result which, instead of improving the agreement between it 
and the facts, introduces a disagreement, and so the wonderful 
accord between theory and experiment which we have just 
described is now destroyed. 

The assumption of the principle of the equipartition of energy, 
which is one of the bases of Drude’s theory, introduces a further 
difficulty by implication ; if we consider that the n electrons per 
cubic cm. of the metal have each a mean kinetic energy equal to 
3 3 

- 2kT or a total energy equal to - nkT, we are foreed to admit 
2 2 

that when unit volume of the metal is heated through a temperature 
interval of one degree, the electrons must absorb their share to 
3 

an amount - nk ; but the specific heat of most metals is such that 
2 

it would appear that the atoms in a gramme-atom of the material 
take up all the heat supplied and none is left over for the electrons. 

This is the problem referred to by physicists as that of the 
specific heat of the electrons. We shall see in the last chapter 
how Fermi’s theory, applied by Sommcrfeld, has overcome this 
uncertainty, and how further progress has been made by Houston 
and Bloch by means of the wave mechanics. 

Thermionic Effects — General Description * 

It was in 1884 that Edison described a phenomenon he had 
observed in lamps with incandescent carbon filaments, and this 
was the first notice of thermionic emission on a high vacuum. 
He had placed in the bulb of an incandescent lamp an auxiliary 
electrode half way between the two legs of the filament. Then, 
supplying the lamp from a source of continuous current, he 

connected a galvanometer across the auxiliary electrode and one 

# 

* See on this subject The Emission of Electricity from Hot Bodies, by 
O. W. Richardson ; tes phenonUnes thermioniques, by E. Bloch. 
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or other of the ends of the filament, Edison found that the 
currents passing through the galvanometer were different in the 
two cases, the stronger current being obtained when the 
galvanometer was connected to the negative end of the filament. 
This phenomenon, which was known as the Edison effect, was not 
explained until some years later, as a result of the work of Preece 
and Fleming. 

Fleming realised that Edison’s experiment could be made use 
of to rectify an alternating current, and he constructed those 
valves which are now known universally and which were the 
prototypes of the modern thermionic rectifiers ; he also conceived 
the idea of applying them to the detection of hertzian waves, 
which were then coming into prominence in wireless telegraphy. 

Experiments on thermionic effects are made in a vacuum 
which may be as high as 10 mm. of mercury, and a whole 
technique of an entirely new kind has been developed to measure 
these exceedingly low pressures ; some methods are based on 
viscosity, others on the thermal conductivity of gases, others on 
the thermionic phenomenon itself. 

The characteristic apparatus which is always used in studying 
thermionic phenomena consists of a glass bulb along the axis of 
which is a metal filament attached to leading-in wires fused into 
the glass ; surrounding the wire is a conductor designed to collect 
the electrons, and usually this conductor is in the form of a 
co-axial cylinder. 

A small side tube fused to the bulb enables the latter to be 
evacuated or to be supplied with a gas of any kind at any desired 
pressure. 

The current produced varies enormously with the experimental 
conditions ; in certain cases the current to be measured is of the 
order of only 10“^® amp., and then an electrometer is used ; 
when it is of the order of 10~® amp. or more, a galvanometer may 
be used in place of the electrometer ; when the current is as 
high as 10“* amp., direct-reading milliammeters are used. Finally 
there are tubes in existence which are capable of giving currents 
of several amperes ; the measuring instrument is then an ordinary 
ammeter. 
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We must recall that at low temperatures the particles emitted 
consist almost exclusively of positive ions ; at intermediate 
temperatures the positive ions are mixed with electrons ; at high 
temperatures, especially in a good vacuum, the emission consists 
wholly of negative particles. 

We shall confine ourselves to purely electronic emission, i.e., to 
the outflow of electrons responsible for the whole of the current 
in good vacua and at high temperatures. Experiments carried 
out by Wehnelt (Deut. Phys. Gesell., Verb. 5, p. 255, 1903) and 
by Bestelmeyer {Ann. d. Physik, 35, p. 909, 1911), who measured 
the deviation produced by a magnetic field on a stream of the 
emitted particles, have shown that the ratio of charge to mass is 
equal to this ratio in the case of the cathode rays ; Bestelmeyer 
actually found that ejm— l'766xl0’ in electromagnetic units, 
thus definitely proving that the carriers of the thermionic currents 
are identical with the cathode particles. ^ 

At first the metal used for thermionic experiments was platinum, 
then the more refractory metals such as indium (melting-point 
2,300°), molybdenum (2,535°), tantalum (2,780°) and, above all, 
tungsten (3,270°) were employed. The exact determination of 
the temperature of the filament is a difficult matter ; in the 
method most commonly adopted, the incandescent filament itself 
acts as a thermometer, and its temperature is obtained from a 
measurement of its resistance, using a Wheatstone bridge. 

It is also possible to use an optical method based on the 
variation of the filament brightness with temperature. 

The second technical problem which occurs in the study of 
thermionic phenomena is that of obtaining any specified gas 
pressure and of measuring this pressure accurately ; in particular 
it is absolutely necessary to be able to produce as good a 
vacuum as possible inside the bulb in which the hot filament is 
mounted, so that this may not be subjected to disturbances 
resulting from the presence of residual gases. High vacua may 
now be obtained relatively easily, thanks to the very refined 
apparatus now available, such as Gaede’s molecular pump and the 
mercury vapour pump (Langmuir). But it is not sufficient to 
produce a vacuum ; it is necessary also to maintain it throughout 
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the period of the experiments, and that, too, when the filament 
and the bulb itself are at a high temperature ; the filament is 
gradually raised to incandescence as the pump is operated so as 
to free it from occluded gases, and the glass bulb should also be 
heated for a certain time (of the order of an hour), at least to 
800° C., so as to carry off the gases occluded on its surface. The 
cylinder whieh aets as the anode should be treated similarly. 

Before concluding these brief preliminary remarks, it must be 
noted that the presence of gas in a bulb used in experiments on 
electronic emission has a great influence on the phenomena 
observed, for at a sufficiently high temperature the electrons may 
acquire, between two successive collisions with the molecules of 
gas present, sufficient kinetic energy to ionise the molecules it 
encounters ; the eurrent due to the ions thus produced is added 
to the eleetronic current, and the ions themselves may, in their 
turn, ionise the moleeules with which they eollide. 

In 1908 Wehnelt had already found that the sparking potential 
between platinum electrodes in an evacuated tube is lowered by 
the presence on the cathode of a layer, however thin, of the oxides 
of calcium, strontium, or barium. A similar effect, though less 
pronounced, is produced by the oxides of magnesium, zine, 
cadmium, or zirconium. A Wehnelt cathode may be prepared 
by taking a thin sheet of platinum and putting on it a drop 
of nitrate of calcium, strontium or barium ; on heating the 
metal by passing a current through it, the salt is first evaporated 
to dryness and then decomposed so that the oxide is left deposited 
on the platinum ; the thermionic emission obtained in this way is 
much greater than that from pure platinum. 

A curious fact has been observed in connection with this. If a 
sheet of metal covered with oxide be heated in a good vaeuum 
side by side with a polished sheet of metal, a very small quantity 
of oxide is distilled and is deposited in an exceedingly thin film on 
the pure metal. It is now possible to find out how the thermionic 
emission varies with the thickness of the oxide, and it is found 
that a monomolecular layer of lime is suffieient to give an emissive 
power practically equal to that characteristic of the oxide. This 
shows very strikingly the sensitiveness of thermionic phenomena 
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to the slightest traces of impurity on the surface of the 
electrodes. 

It follows that by means of a cathode consisting of a strip of 
platinum on which there is a small patch of oxide of barium or 
calcium, it is possible to obtain, by passing an electric current 
through the strip, a fine stream of electrons ; if the pressure of the 
gas is not too small, the stream of electrons causes it to glow, so 
that the path of the rays may be observed and the deflection 
produced by a magnetic 
field may be demonstrated. 

A tube with a Wehnelt 
cathode is shown in 
Fig. 89. 

The anode .^4 is a disc 
of aluminiiun and the 
cathode C a strip of 
aluminimn 2 mm. wide. 

A small patch of oxide has 
been deposited on the 
centre. The leading in 
wires E and F are 
connected to the battery 
supplying the current 
necessary to heat the strip 
to dull redness. A 
difference of potential between A and C of some hundreds of 
volts produces a powerful beam of cathode rays emitted normally 
to the layer of oxide ; by means of a magnet, the path of the 
beam is curved round as shown in the figure. 

First Theory of Thermionic Emission 

The first theory of electronic emission in high vacua was given 
by O. W. Richardson in 1901, and is closely connected with the 
electron theory of metals which was developed by Riecke, Drude, 
J. J. Thomson and H. A. Lorentz. It is assumed that metallic 
conductors contain free electrons which move in thermal agitation, 
just like the molecules of a gas at ordinary temperatures. These 
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electrons cannot leave the metal without the expenditure of a 
certain amount of work. 

If V denotes that difference of potential between the metal and 
the surrounding space which is equal to this work, an electron 
cannot leave the metal unless its velocity component normal to 
the surface is at least equal to where «o is given by 

= eV (1) 

Let us imagine the metal to be placed in an evacuated insulating 
enclosure at a uniform temperature : the electrons which are 
emitted will form an electronic gas, the constituent particles of 
which will gradually come into equilibrium with the “ gas ” inside 
the metal, so that as many enter the surface of the metal per 
second as leave it in the same time. The kinetic theory then 
enables us to calculate the intensity of the thermionic current per 
xmit area ol the surface. Let n be the number of free electrons in 
1 cubic cm. of the metal, dn the number of these for which the 
velocity component normal to the surface lies between u and 
{u + du). The kinetic theory shows that : 

dn = nVhmlTT e~^”'^'du (2) 

where m is the mass of the electron, and 

h= ^ ^ - 

2A;T 2(R/NjT 

Since no electrons can emerge except those for which u> Ug the 
thermionic current will be obtained by integrating the quantity 
u.e.dn from to infinity. 



where a = ne^/kl^-nm 

6o = eV 

Richardson’s law is, therefore, 

i = aT^/2 g-Krs 

This original theory is now no longer a ccepted, and we have 
described it in preference to others because of its historical interest ; 
subsequently H. A. Wilson, J. J. Thomson and Richardson 
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himself have, by employing a line of reasoning based on the 
principles of thermodynamics, obtained a somewhat different 
expression for the thermionic current, viz. : 

i = ^5^ 

The explanation of the method used for obtaining this law, which 
is now definitely accepted, will be deferred to Vol. II, Chap. IX, 
i.e., after the theory of quanta has been described. 

It would seem that in order to choose between formulae (3) and 
(5) it might be sufficient to plot h} a diagram, as a function of 
dg/T the experimental values of [log i — |^logT}, and see if this 
gave a straight line or, on the other hand, if a straight line was 
obtained wlicn the ordinates were the values of | log i — 2 logT [ .* 

Actually a straight line is obtained equally well in both eases 
(see, Phys. Rev., 21, p. 623, 1923, article by S. Diishman). 
The reason for this is that the exponential term is much more 
important than either T^^‘^ or. T^. Actually, in passing from 
1,000° to 2,500° absolute, the emission of tungsten increases in the 
ratio 1 to 10^^, while the term T*/^ only increases in the ratio 
1 to 1*58 and T^ as 1 to 6*25. The most recent and accurate work, 
however, confirms the value 2 rather than \ for the exponent. 

The following table gives the values oi bg calculated by means 
of formula (5) from the measurements of current at various 
temperatures made by Davisson and Germcr on a tungsten 
filament : — 


Absolute 

Temperature. 

Current i. 

bo. 

1935*5 

0*0934 X 10-2 ampere/sq. cm. 

51890 

2036*0 

0-3967 X 10-8 ,, 

51860 

2086*5 

0-7656 X 10-8 

51900 

2131*5 

1-362 X 10-8 

51840 

2158*0 

1-902 X 10-8 

51820 

2204*0 

3-269 X 10-8 

51820 

2235*0 

4-606 X 10-8 

51870 

2280*0 

7-494 X 10-8 

51920 


* For from (3) we obtain 

log i = log a 4- i log T — fto/T 
or log t — i log T = const. — bglT. 
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The Saturation Curves 

So far we have implicitly supposed that at the various 
temperatures all the electrons emitted move under the influence 
of the steady electric field between the anode and the cathode, 
and that their total number determines the strength of the 


current. 

In fact, it might seem at first sight as if a very slight difference 

of potential woidd be sufficient 



Fig. 40. 


to produce these effects ; this, 
however, is not so : if the 
current obtained be plotted as a 
function of the temperature for 
various potential differences 
between the filament and the 
anode, the set of curves 
obtained is like that shown in 
Fig. 40 which refers to tungsten. 
These are Langmuir’s curves. 

The curve shown by the 
broken line represents 
Richardson’s law. 

Thus, for any given voltage, 
after a certain temperature has 
been reached, the current which 
can be emitted in vacuo has a 


definite constant value and is independent of the temperature. The 
explanation of Langmuir’s curves is to be sought in the mutual 
repulsion of the electrons emitted from the filament ; this repulsion, 
which is negligible when the electrons are few, becomes important 
when the temperature of the filament has reached such a value 
that the electron current is greater than 1 milliamp^irc. There is 
then a negative charge of very high density in the space between 
the two electrodes, and this produces a repulsive field which 
exceeds the accelerating field ; saturation becomes difficult, and 
after a certain value of T has been reached the space charge has a 
value such that the opposing field it produces is sufficient to drive 
back to the cathode all the electrons which are emitted from it ; 
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after tliis point has been reached the current ceases to increase, 
however much tlie temperature of the filament be raised. 

Thus the curves of Fig. 40 show that up to a certain point the 
current is independent of the voltage and varies solely with the 
temperature, and that, on the other hand, for a given voltage of 
the plate there is a high temperature region within which the 
current can no longer vary as T increases. 

It is possible, then, to construct another diagram connecting 
the milliampferes with the volts for various temperatures Tj, Tj, 
T T 

13, A 4. . . . 

If such a diagram be drawn, it will be found to consist of a 
family of curves similar to that of Fig. 40, for there will be a 
limiting curve which represents the fact that the current does not 
vary with the temperature (up to a certain point), but only with 
the plate voltage j, and likewise the curves 2, 3, 4, etc., which bend 
round horizontally represent the saturation currents at the various 
temperatures T,, Tg, Tg, etc. 

It will be interesting now to investigate the mathematical 
formida for curve 1, and then to express the theoretical variation 
of the current (1^,) with change of voltage (V^) in a diode. We 
may say at once that this relation is 1^ = C . ; C is a constant 

which depends on the geometrical form of the diode. 

Let us examine, in this connection, the particular case of 
an incandescent cathode consisting of an infinite plane placed 
parallel to a cold anode which is also an infinite plane ; a uniform 
field is set up in the vacuum between the two electrodes, with 
a difference of potential V. The electrons emitted from the 
incandescent cathode set up a negative space charge of density p 
in the space between the plates, and this destroys the uniformity 
of the field ; if the aj-axis be taken along the normal to the two 
plates, with the origin of co-ordinates at the hot plate, the potential 
distribution will be given by Poisson’s equation : 

dWJdx^ = — inp ( 1 ) 

Let us now find the relation which connects the current i with 
the difference of potential V as soon as the current has attained 
its limiting value. The velocity v acquired by an electron of 
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charge e at a point where the potential exceeds by an amount V 
that of the heated plate is given by 

1 

- mv^ — V.e (2) 

Jd 


On the other hand, if p be the absolute density of the space 
charge : 

i — p.v (3) 

If p and V be eliminated between equations (1), (2) and (3), we 
obtain 

#V . 

= 477^y ^ 

and on integrating, this gives 



remembering that dVjdx = o, when V = o, since, in the state of 
equilibrium, the field is zero in the neighbourhood of the cathode. 
Integrating again, we finally obtain the equation : 

i = 1 Y!i“ = 2-33 X 10- « . . (4) 

m d^ 

where V is expressed in volts 

i „ ,, amperes 

d „ ,, centimetres 


d being the distance between the two plates. 

It will be seen that the current increases as the 3/2 power of the 
applied voltage. 

Langmuir has made a similar calculation for the more 
complieated case of the cylindrical field set up between an inner 
incandescent electrode and an outer cold electrode ; he obtained 
the following formula : 



where 






4 4 • 
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a is the radius of the hot filament, r is the radius of the outer 
cylinder. 

When r is fairly large compared with a {e.g.y fifteen times as great 
or more), jS may be put equal to 1 without appreciable error. 
Then the formula becomes : 

2V2 /7 

i = — V = 14-65 X 10-« — . 

Q ^ m r r 

It is much easier to verify formula (5) than (4), and this has 
been done by S. Dushman (Phys. Bev.^ 4, 1914, p. 121), who 
obtained a satisfactory check on the proportionality between the 
current and the 3/2 power of the voltage. 

A knowledge of the absolute value of the coefficient of 
proportionality gives, by means of formula (5), the value of the 
ratio ejm for the electron ; the value found is 1-755 x 10^ electro- 
magnetic units, and its excellent agreement with the universally 
accepted value provides a useful confirmation of Langmuir’s 
theory. 

Langmuir himself has since shown that the law i == 
which was found for a cylindrical field and for a field between 
two planes, holds also for a field of any form whatsoever, when 
the electronic emission is sufficiently intense to bring into action 
the mutual repulsion resulting from the space charge. 

Thermionic Valves* ** 

We will now describe quite briefly a very important application of the 
thermionic effect in the form of the three-electrode valve. The widespread 
use of these valves by thousands of amateurs makes it unnecessary to go 
very deeply into the principles underlying their action, and, in fact, these 
principles will be found described in numerous technical publications. 

We shall therefore confine ourselves to giving a brief outline. 

The principle of the two-electrode valve, or diode, is as follows : in a bulb 
exhausted to a high vacuum there are a filament / and an electrode ; when 
the filament is raised to incandescence by means of an electric current flowing 
through the external circuit of which the filament forms a part, it emits 
electrons, which are attracted to the electrode so long as this is at a higher 
potential than the filament. Otherwise no appreciable current passes. In 
the original types of valve devised by Fleming, the cathode was a carbon 
filament. Later on tungsten was used, surrounded by a copper collector. 
The space between the electrode and the filament is a unidirectional conductor, 
and it is for this reason that Fleming’s device has been called a valve^*' for 

* Of the many books on this subject, the following may be consulted : 

** Les lampes k trois electrodes,” by C. Gutton, 1929. 
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it is just like this mechanical device, in that if an electronic valve be inserted 
in a circuit to which is applied an alternating potential, the only current 
which can pass through the lamp is that which, inside the bulb, travels 
towards the filament, and not in the opposite direction. In fact, Fleming 
in 1904 used a two-electrode lamp to rectify alternating current. The kenoiroti 
is an alternating current rectifier suitable for industrial use. 

The unidirectional conductivity of the two-electrode valve enables it to 
be used as a detector of the high-frequency oscillations employed in radio- 
telegraphy. It is clear that these oscillations cannot be detected, either by 
a galvanometer or by a telephone dia[)hragm, as neither apparatus can respond 
to vibrations of a higher frequeney than 2,000 or 8,000 periods per second. 

P'leming's valve has been 
profoundly modified by the 
work of the American, Lee 
de Forest (190.5), who 
introduced a third electrode 
into the bulb. This third 
electrode consists of a 
perforated metal sheet, and 
has therefore become known 
as the “ grid ” ; it is placed 
between the filament / and 
the plate P (see Fig. 41). 

The plate and the grid g 
arc insulated from the 
filament and from eacli 
other ; they are connected 
to leading-in wires which 
pass through the bulb. 

The plate is connected to 
the filament by means of a 
conductor which includes the 
battery B, and the number 
and arrangement of the 
elements of B arc changed 
so as to vary the sign and 
the value of the potential 
difference applied between 
the plate and the filament. 

The galvanometer G measures the intensity of the electronic current 
passing to the plate from the filament/. The grid is connected to the filament 
by means of a conductor which includes the battery B". By varying the 
number of elements in this battery and the direction of their polarity it is 
possible to control the magnitude and the sign of the ])otential difference 
applied between the grid and the filament, and the effect can be observed by 
means of the galvanometer G'. 

The following are the three circuits of the triodc : the plate circuit, the grid 
circuit and the filament heating circuit ; all three have the point O in common. 

Between this point O and the grid the so-called grid-voltage is inserted ; 
between O and the plate the plate-voltage is inserted. The end of the hot 
filament, which is connected to O, is the low potential end, since it is connected 
to the negative pole of the battery supplying the heating current. 

The plate circuit does not convey any current when the grid is at a lower 
potential than the point O, t.c., when it is connected to the negative pole of 
the battery B"', for then the grid repels the electrons coming from the filament 
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and prevents them from reaching the plate. If, however, the potential of 
the grid be raised by connecting it to the positive pole of B^, it will attract 
the electrons, and, while a few are caught by it, the remainder will travel on 
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and reach the plate, and so produce a current in the plate circuit. Thus, 
by varying the potential of the grid, the current can be interrupted, re-started 
or modified. 

The current in the grid circuit, however, is always very small, and may 
be zero if the potential of g is lower than that of the point O. A very small 
amount of energy is sulficient to vary the potential of g, and it is on this 
account that the triode forms such a sensitive and distortionless relay ; it is 
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a device without mechanical parts and so has no inertia. It therefore follows 
without any lag variations in potential even of the highest frequency. 

The practical applications of the triode have led to the study of its 
characteristics i i.e., the curves which show the effect of changes of grid potential 
on the currents in the grid and plate circuits. Naturally the form of these 
curves depends on the nature of the electrodes and their distance apart, the 
quality of the “ vacuum,” the temperature of the filament, the potential of 
the plate, etc. Thus there is, for example, the characteristic for constant plate 
potential when the filament temperature and the difference of potential 
between plate and filament are kept constant (i.e., the numbers of the elements 
in the batteries B and B' are unchanged). Under these conditions, if the 
grid potentials be plotted in volts — as abscissae — and the plate currents as 
ordinates (in milliamps), the curve obtained is of the form shown in Fig. 42. 
The variation of the grid current (in microamps.) with change of grid potential 
may be studied under the same conditions. 

For small negative 



potentials of the grid the 
grid current is zero, 
although the plate current 
is several milliamps. 

The curves which show 
the variation of the plate 
current with change of grid 
potential for different plate 
voltages (e.g., 120 to 200 
volts) are also important, 
and so are those for different 
fi 1 a m e n t temperatures. 
Figs. 43 and 44 give some 
idea of these curves. 

The influence of the 
quality of the vacuum may 


Fig. 44. 


also be studied. 


We cannot describe, even 

briefly, the various types of triodes ; we will simply mention that these 
wonderful and yet simple devices fulfil several functions at once ; they 
act as detectors^ as amplifiers, and as oscillators (generators of undamped 
oscillations). It is on account of the many functions which it can perform that 
the triode has the place of honour in radiotelegraphic and radiotelephonic 
transmission and reception, as well as in television. 

There are also valves with four electrodes and others with five, but for 
descriptions of these and of their application we refer the reader to special 
books on radiotechnology. 

The importance of the electronic tube has become enormous ; it is now 
applied not only in the electrotechnical and the acoustic laboratory, but in 
telephony, both wireless and over lines, in radiotelegraphy, in television, in 
the “ talking film, and in numerous other fields, both scientific and industrial. 


* A further Determination of the Elementary Electric Charge 

Another method based on an entirely different principle from 
that of Townsend, J. J. Thomson, Wilson and Millikan, was 
devised in 1918 by Schottky ; it is based on the measurement of 
the amplitude of the oscillations produced in a circuit which is in 
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resonance with the fluctuations of current passing through a 
thermionic tube placed in series with it. This method was tried 
out in practice by Hartmann, Hull and Williams in 1925, and 
has given a result which does not differ sensibly (only 0-3 per cent.) 
from that obtained by Millikan. 

The complete description of the method is somewhat complicated 
and we must confine ourselves to giving a general idea of it. 

Let us consider a two-electrode tube in operation ; the current 
flowing between the filament and the plate is composed of the 
electrons which leave the incandescent metal. The current is 
not strictly constant ; it fluctuations which are controlled 

by certain laws. If the mean fluctuation of the current (the 
square root of the mean square) be computed, the value obtained 
is greater, the greater the 
value of io, the smaller 
the time At and the larger 
the elementary charge, for 
the current is the sum of 
those elementary particles 
of electricity, e, which 
determine the fluctuations. 

It is shown * that the 
amplitude of the fluctuations in the current is given by 

= ViffijAt (a) 

If a thermionic tube be put in scries with an oscillating circuit 
consisting of a resistance coil R and a self-inductance L in parallel 
with a capacity C, the constant portion of the current flowing 
through the tube, {q, will not affect the oscillating circuit, while 
the variable part will do so. 

* Equation (a) is derived as follows : — 

Let n be the average number of the electrons emitted per second, and 
the fluctuation of the thermionic current, then 

^ — a , e 

Also Am = (n^i — n . 

But from p. 121 we know that — n . has the value n . At, 

so = [e^lAt^l and since ne = we have j ifiejAt- 

7 — 2 



Fig. 45. 
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The mean square of the variations in the difference of potential 
across the condenser is given by 

E" = Leij2Cm (jS) 

The effect produced is thus proportional to the elementary 
charge. 

Let us think of a mechanical analogy in order to make the 
matter clearer. Consider a pendulum moved from its position of 
equilibrium by a force proportional to the displacement (this 
corresponds to the condenser in what has just been described) ; 
the pendulum is damped by a resistance proportional to its 
velocity by immersing it in a fluid (this corresponds to R). 
Suppose tliat this pendulum is bombarded with numerous small 
projectiles which strike it horizontally in such a continuous 
stream that they keep it deflected from its vertical position ; the 
stream consists of a large number of particles which follow one 
another without any rhythm, and its mean intensity is maintained 
at a constant value ; its fluctuations, however, cause the pendulum 
to oscillate slightly, and the average amplitude of these fluctuations 
when squared is proportional to the mass of the particles which 
can thus be found. 

Returning to our problem, we may say that it is readily possible 
to measure the mean square of the fluctuations of the alternating 
voltage by applying this to the terminals of a three-electrodc 
valve, following the ordinary technique of wireless telegraphy ; 
the intensity of the current so obtained is proportional to the 
quantity to be measured.* 


ISOTOPES 

Positive Rays 

If we study the electric discharge in a Crookes tube with a 
perforated cathode, we shall notice narrow luminous bundles of 
rays passing through each of the holes in the cathode. These 
rays were discovered by Goldstein (1886), who gave them the 

* For a detailed account see W. Schottky, Annalen d. Phys., 57, p. 541, 
1918 ; and 68, p. 157, 1922 ; A. W. Hull and N. H. Williams, Phys. Review, 
25, p. 147, 1925. 
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name of canal rays (kanalstrahlen). Whilst the wall of the bulb 
which is in the path of the cathode rays always glows with a 
greenish light whatever the nature of the residual gas, the colour 
of the light produced by the canal rays behind the cathode 
depends on the nature of the residual gas in the tube ; air gives 
a yellowish glow, hydrogen appears a rose colour, neon glows 
with a bright red light, etc. These rays cause the walls of the 
tube to phosphoresce wherever they meet them, and they can 
•effect a photographic film. They can be deflected by means of 
powerful magnetic fields, and the deflection is in the opposite 
sense to that exhibited by the cathode rays. Wien (1898) was 
the first to measure the velocity v and the specific charge E/M 



I CATHODE 

Fio. 46. 

of the particles composing these canal rays, by using the combined 
effects of a magnetic and an electric field. The velocity, which 
varies according to the conditions, is only some hundreds of km. 
per second, i.e., of a very much lower order than the velocity of 
the cathode rays ; further, the ratio E/M between the charge 
and the mass is found to be of the same order of magnitude as 
that found in electrolysis. These positive rays, then, differ 
fundamentally from the cathode rays in that they consist of 
positively charged particles and the mass conveying the charge is 
of the order of magnitude of the atomic mass. 

Although they are not visible except behind the cathode, the 
positive rays originate in the space between the anode and the 
cathode ; in fact, a small screen placed at B in front of the 
cathode (see Fig. 46) stops the corresponding part of the beam. 

Goldstein’s canal rays are composed of the atoms and molecules 
of the residual gas v^hich have lost one or more electrons ; these 



198 


ELECTRONS AND POSITIVE RAYS 


atomic residues which lack electrons are consequently positively 
charged and so move from the anode to the cathode and through 
it wherever it is perforated. It will thus be seen how complex 
the composition of the positive rays may be as compared with 
the simple nature of the cathode rays, which are always identical 
and of one kind only. 

This complexity is shown up very clearly in the ingenious and 
sensitive experiments devised by J. J. Thomson for measuring 
the charges, masses and velocities of the positive particles. 

The principle is as follows : A particle in the canal rays which, 

MAGNETIC SHIELD 



Fig. 47. — J. J. Thomson’s apparatus for studying positive rays. 

(The part S of the cathode is of soft iron in order to protect the rays 
from the magnetic field, whilst they are passing through the tube.) 


if imdeflected and moving in a straight line, would strike a screen 
placed at the end of the discharge tube, is deflected if an electric 
field acts on it during its flight ; further, if it is simultaneously 
acted upon by a magnetic field, the lines of force of which are 
parallel to those of the electric field, the particle undergoes a 
second deviation perpendicular to the first. 

Thomson’s apparatus consists of two compartments, A and B, 
separated by a very thick metal tube, which serves as the 
cathode and which is traversed throughout its length by a narrow 
hole (a tenth or a hundredth of a millimetre in diameter). In 
compartment A, which contains the anode, the pressure is a few 
hundredths of a millimetre of mercury, while in B the pressure 
is maintained at as low a value as possible by means of a tube 
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containing charcoal inxmersed in liquid air. The stream of 
positively charged atoms flowing into the anode chamber through 
the very narrow hole in S, forms a very fine beam which strikes 
a photographic plate LL placed in compartment B and is there 
recorded. Immediately after it has emerged from S, the beam 
passes through the electric field and a magnetic field parallel to 
it. If the charge on an atom be represented by ne (e being a 
unit charge), and if M be its mass and v its velocity, then it is 
known that the deviation oj produced by the electric field is given 
by {v = Ane/Mv^ where A is a quantity which can be calculated 
from the dimensions of 
the apparatus and the Y 
strength of the field ; 
the deviation y produced 
by the magnetic field is 
BnejMv where B is 
another known constant. 

It will be seen that 
the two displacements x 
and y are not the same 
function of the velocity 
V of the particles, so 
that two particles which 
have different velocities 
do not strike the screen at the same point, even if they have 
the same specific charge n^/M. On the other hand, all the 
particles which have the same value of n^/M strike the screen at 
points which lie on a curve, the equation to which can be 
deduced by eliminating v from the relations just given. This 
equation is 



Fig. 48. 




B2 

= A -M'® 


This curve is therefore a parabola, and if all the particles in 
the beam of canal rays are identieal, this beam will give only a 
single parabola on the photographic plate. It will be clear that 
the particles cannot all have the same velocity, for those which 
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originate near the anode are accelerated by the whole potential 
difference between the electrodes of the discharge tube (30,000 to 
40,000 volts) and so acquire the highest velocity ; those originating 
near the cathode are only subjected to a very small fall of potential. 

This being so, if the beam of positive rays contains particles of 
different charges or of different masses, giving different values of 
the quotient M/E, each class of particle gives rise to a different 
parabola so that the photographic record shows at a glance how 
many kinds of particles there arc in the positive stream. 

It is possible, by the following method, to distinguish curves 
due to particles having a single charge from those produced by 
particles with a larger number of charges ; actually, the parabolas 
consist only of curves of finite length which start at a certain 
distance from the vertical, at a definite abscissa defined by the 
equation a; = A(E/M)(l/z)^). This gives 

1 

kinetic energy = - Mw® = AE/2a; = E . V 

where V is the difference of potential between the anode and the 
cathode in the discharge tube. If we consider the })articles 
carrying two elementary charges, these acquire twice as much 
kinetic energy in passing down the tube ; some will lose a charge 
whilst passing through the cathode, and since they possess double 
kinetic energy they will strike the plate at a distance x' which is 
half X. 

Thus the beam of particles with charge 2E, as it issues from 
the tube, consists of two groups, the particles in one group 
possessing twice the kinetic energy of those in the other group ; 
the double-charged particles will therefore strike the plate at 
points which are closer to the vertical, thus extending the parabola 
appropriate to the particles with a single charge. 

As a comparison curve for the interpretation of the photographic 
record, the parabola corresponding to a particle of known mass 
(e.g., an atom of oxygen or hydrogen) is taken. The principal 
use of Aston’s ray method is for the determination of the masses 
of atoms or molecules. For this purpose the method of parabolas 
has a disadvantage, since the beam which comes from the hole 
in the cathode is spread out so that it gives rise to a shadow with 
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a penumbra surrounding it, just like that which would be 
produced by a beam of light coming from an extended source 
and passing through the hole in the cathode. Thus the lines 
produced cannot be sharp and fine, but are shaded off. Further- 
more, the particles having the same value of ejm are distributed 
over a long line so that a short exposure is impracticable ; two 
methods for concentrating all the rays corresponding to the same 
value of ejm have been devised, one by Dempster,* and one by 
Aston himself. We shall describe these on pp. 206 et seq. 

Use of the Positive Rays as a method of Chemical Analysis — 
Aston’s Isotopes 

In the photographs, then, each parabola indicates the presence 
in the discharge tube of particles for which the ratio (charge) /{mass) 
has a specified value ; thus the photograph provides a catalogue 
of the various kinds of atoms present in the tube ; it is a spectrum 
of these atoms ; just as the optical spectrum analyses the radiation 
within a beam of light, this photographic “ spectrum ” analyses 
the various kinds of atoms in a beam of particles. The method 
is very sensitive and enables the atomic weights to be determined 
to an accuracy of 1 part in a thousand. 

Aston introduced certain known ions, such as Hg, Oj, CO and 
CO 2 , into the discharge tube so as to have a reference pattern 
by which to interpret the parabolas. 

In 1913, Thomson and Aston made an astounding discovery 
when applying this method of analysis to the study of atmospheric 
neon ; they found that this gas gave two groups of parabolas 
indicating the existence of two kinds of atoms with atomic 
weights respectively equal to 20 and 22 ; neon appeared to be a 
mixture of two gases. The conclusion that atmospheric neon 
(at. wt. 20-2) was really a mixture of two gases, after Aston 
had vainly sought to separate them by fractional distillation, was 
not followed up for several years ; it was in 1919 and 1920 that 
Aston f published the results of his later researches which had 

• A. J. Dempster, Phys. Rev., 11, p. 816, 1918 ; 18, p. 416, 1921 ; 20, 
p. 681, 1922 ; 21, p. 209, 1928. 

t F. W. Aston, Phil. Mag., 88, p. 707, 1919 ; 89, p. 611, 1920 ; 42, p. 486, 
1921 ; 43, p. 514, 1922 (with R. H. Fowler). 
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been interrupted by the war ; the principal fact was that, besides 
neon, other elements, when analysed by means of the positive 
rays, appeared as mixtures of separate components (isotopes). 
A single element gave rise to a mass spectrum. 

Researches of quite a different kind in the realm of radioactivity 
— ^which we shall deal with later on — had led Soddy to the 
conclusion that a large number of bodies, hitherto considered to 
be simple in character, really consisted of a mixture of one or 
more constituents, called “ isotopes,” of different atomic masses, 
but so alike in all their chemical and physical properties that no 
method of fractionation would provide a means of separating 
them. Thus while Soddy had established the complex nature of 
a large number of radioactive bodies previously considered to be 
simple, Aston’s researches, and, primarily, Thomson’s discovery 
in the case of neon, extended Soddy’s notion to non-radioactive 
elements. 

Of twenty-nine elements originally studied by Aston, eighteen 
appeared to be mixtures of isotopes ; the following table shows 
some of the elements studied : — 


Table of some Atomic Weights determined by Aston from the 
Mass Spectrum 


Elfiuent . 

(’laasical 
Atomic Wt. 

Least 
Number of 
Isotopes. 

Actual Weipilits of the 
(’oii'^titueiit Atoms 
(Mass Numbers). 

Boron 

10-82 

2 

11 

10 


Neon 

20-20 

2 

20 

22 

— 

Magnesium 

24-82 

3 

24 

25 

26 

Chlorine . 

35-46 

2 

35 

37 

— 

Potassium 

39-10 

2 

39 

41 

— 

Argon 

39-88 

2 

40 

36 

— 

Nickel 

58-68 

2 

58 

60 

— 

Bromine . 

79-92 

2 

79 

81 

— 


Different experimenters have sought to separate the various 
isotopes of an element by means of diffusion through porous 
diaphragms, or by fractional distillation ; some result has been 
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obtained in the cases of mercury * and chlorine ; chemical 
methods are, however, quite useless, since the isotopes of the same 
element have identical chemical properties. The only methods of 
separation which have any chance of success are those which make 
use of the difference between the atomic weights. 

Thus, although the existence of isotopes has greatly simplified 
the idea of elementary bodies, practical chemistry is not noticeably 
affected since the separation of the constituent isotopes of a single 
element is impossible. 

For bodies of which there exists only a single isotope the atomic 
masses as determined by means of positive rays agree excellently 
with those obtained by chemical methods ; the atomic masses of 
the various isotopes and those of all the “ simple ” elements arc 
practically integral numbers when referred to oxygen (taken as 16) 
as a basis. On this scale, however, hydrogen has an atomic 
weight equal to 1-008. Except for this reduction of 8 parts in a 
thousand, which is fairly constant for all the atoms, the atomic 
weights are simple multiples of that of the lightest element. 
It is natural to imagine that this latter is the elementary 
constituent of all the others, i.e., that the atom of hydrogen 
is the fundamental and universal br ick in the structure of the. 
unive rse. 

Thus, after the lapse of some years, the old hypothesis proposed 
by Prout at the beginning of the nineteenth century, viz., that the 
different elements are composed of a single primordial material, 
has been restored once more to a place of honour ; thus science, 
through a new discovery, and by a road quite different from that 
followed for several decades, has found — and not for the first 
time — the confirmation of an idea which was originally put 
forward solely as a reasonable hypothesis. 

At the same time, this discovery of isotopes caused a considerable 
upheaval as regards certain fundamental ideas in chemistry ; the 
principle, aeeepted by Dalton and developed by Meyer and 
Mendeleieff, of a close relation between the properties of an 
element and its atomic weight were seen to be defective in two 

* J. N. Bronsted and G. Hevesy, Nature, 106, p. 144, 1920 ; 107, p. 619, 
1921 ; Phil. Mag., 46, p. 31, 1922. 
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respects ; in the first place, in many cases a change of atomic 
weight was accompanied by no change in the properties of the 
elementary body ; and then in another field of modern physics — 
that of radioactivity — there were found to be elements with the 
same atomic weights (isobarcs) but with different properties. The 
properties of an element, then, were not clearly and definitely 
determined by the atomic weight. Our ideas would have been 
rather confused had not other wonderful discoveries, viz., those of 
Moseley, of Soddy, of Fajans and of Rutherford, been made at the 
same time and thrown light on the matter. We shall return to 
this subject in Chaps. VIII and IX. 

Let us now go back to the consideration of isotopes. 

Aston continued his researches in the Cavendish Laboratory, 
and towards the end of 1927 he published some fresh results on the 
definite determination of the isotopes of .some fifty-seven elements. 

Eleven isotopes were found for tin, six for mercury, three for 
lead, and so on. 

Aston also made a very accurate investigation of the loss of 
mass as indicated by the difference between the atomic weight and 
the nearest exact multiple of the atomic weight of hydrogen ; it 
was very important to measure this loss, due to the “ packing 
effect,” as in this way some knowledge could be gained regarding 
the constitution of the atom, or, rather, the constitution of the 
nucleus ; this will be understood when we have explained the 
nature of the nucleus. 

The most convenient way of expressing the loss of mass is, 
clearly, to express the difference between the actual atomic mass 
and the whole number nearest to it as a fraction of this whole 
number, and so to obtain the loss or gain as compared with that 
in the case of oxygen, using the atomic weights referred to oxygen 
as 16. 

This “ packing effect,” expressed numerically in this way, gives 
a clear idea of the strength of the bond which holds together the 
protons and the electrons in the nucleus ; this is a third 
fundamental characteristic of the atom, in addition to the atomic 
weight and the atomic number. 

A remarkable fact is noticed when these “ contractions ” are set 
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out for the various elements arranged in order of increasing atomic 
weight. 

We shall only give a few numbers taken from Aston’s latest 
experiments, published — as has been said — at the end of 1927.* 



Atomic Weight. 

(0 - 16). 

Fractional Loss 
of Mass. 

Hydrogen .... 

1*00778 

77-8 X 10 -« 

1 isotope of lithium . 

6*012 

20 

>> >> »» • • • 

7*012 

17 

„ „ boron . 

10*0135 

63-5 „ 

jj >> * 

11*0110 

10 

Nitrogen .... 

14*008 

5-7 „ 

Oxygen .... 

16*0000 

0 

Fluorine .... 

19*0000 

0 

1 isotope of chlorine 

34*983 

- 4-8 „ 

„ „ bromine 

78*929 

- 9 

,, ,, tin 

119*912 

- 7-3 „ 

,, ,, lead • 

206*016 

0-8 


It will be seen clearly here and in Fig. 49 how the loss of mass 
is positive for the light elements, as far as atomic number 29 ; it 
then becomes negative, and finally changes to positive again for 
the heavy atoms. It is a maximum for hydrogen and a minimum 
for nickel. How can the disappearance of a fraction of the mass 
be explained theoretically ? 

In calculating the electromagnetic mass of an elementary 
charge, the field was considered to be uniformly distributed 
around the charge, but this is only true when that charge is widely 
separated from any other ; this is the case only for the hydrogen 
nucleus which consists of a single proton. It is not fo for the 
other atoms, for example helium, the nucleus of which consists of 

♦ The first mass spectrograph, obtained in 1919, gave a comparison of 
masses to an accuracy of 1 part in a thousand, and enabled half the elements 
to be resolved into their isotopes. But a new instrument has since been 
constructed by Aston. He referred to this at the Congress at Como in 
September, 1927 ; it has a higher resolving power, and the precision is 1 part 
in 10,000. Fifty-seven kinds of atoms have been examined with this spectro- 
graph, and, among other things, two new isotopes of sulphur have been 
discovered. 
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four protons * and two electrons concentrated in a space which is 
no greater than the volume of a single electron ; and it can be 
shown by means of the electro-magnetic theory that this close 
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Fig. 49. — Aston’s curve. The abseissae are the atomic weights of the 
elements and the ordinates are the values of (m — 1) x 10^, 
where m is the mass of the hydrogen nucleus in the atom under 
consideration. 

association of the fields in combination is to reduce the electro- 
magnetic mass. 

The following is an example of the isotopes discovered by Aston 
in 1927 


Element. 

Atomic 
Number, or 
Place in the 
Classiflcation. 

Atomic 

Weight. 

Minimum 
Number of 
Isotopes. 

Atomie Weights of the Isotopes 
in Ascending Order of Intensity. 

Sulphur 

16 

8206 

a 

32 

33 

34 


Tin 

50 

118-70 

11 

120 

118 

116 

124 





119 

117 

122 

121 





112 

114 

115 


jMercury . 

80 

200-60 

6 

202 

200 

199 
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201 

204 



Spectrographs of Aston and of Dempster 

The apparatus employed by Aston with such striking success 
makes use of the rays of different velocities obtained in a discharge 
tube, just as in the case of the method of parabolas. A bulb 


* The proton is the positive nucleus of the hydrogen atom. 
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contains he anode and the cathode ; these arc placed at one end 
of a long tube along which travel the particles that are to be 
deflected, first by the electric field and then by the magnetic field. 
The gas to be examined is fed into the bulb continuously, while a 
pump keeps the pressure low so that the electric discharge is 
maintained. The diagram represents the path followed by the 
rays (see Fig. 50). 

The magnetic field is at right angles to the electric field so that 
both deflections take place in the same plane (that of the figure), 
but the directions of the fields are such that the two curvatures 
l)roduced are in opposite directions. are two parallel narrow 


/NCtDENT 



windows which limit the beam ; P 1 P 2 are two plates which create 
the electric field, while the circle with its centre at O represents the 
poles of the magnet. As we shall explain directly, it is possible 
to arrange matters so that all particles which have the same value 
of e\m but different velocities reach the photographic plate at the 
same point F ; the band traced out on the plate therefore enables 
the mass to be determined, and it is for this reason that the 
apparatus is called a Mass-spectrograph, 

The principle underlying the apparatus is as follows : the rays 
made up of particles having different velocities are spread out by 
the electric field, but the magnetic field tends to reunite them so 
that at a certain distance they converge to a focus ; it can be 
shown that for this to occur the photographic plate must make an 
angle 0 with the original direction S^Sg of the beam, this angle 
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being the same as the deflection of the beam which i ; brought 
about by the electric field.* 

Dempster^s apparatus is shown diagraminatically in Fig. 52. 

The rays wliich are acted upon by the magnetic field arc 

* We shall now show how Aston, in his sj^ectrograph, actually succeeds 
in concentrating at a point the particles which have the same value of ejm, 
but noticeably different velocities. 

Let 6 be the angle by which the rays emerging from AB are deflected by 
the action of the electric field F. 

Let if) be the angle of deviation j)rodueed by the magnetic field H, and 
consider two rays composed of particles having the same specific charge eltn, 
but slightly different velocities v and (d + dv). If d and d' are respectively 
the paths traversed under the influence of the two fields, then 


6 = ¥€dlmv“ .... (1) ^ = lled'jmi') (2) 

These equations at once give 

ddjO = — 2dvlv dtl>l(f> — — dvjv 

and hence = (<^/2^)d^ (3) 


This equation connects the changes of deflection defy and dO corresponding 
to rays of velocities v and {v + dv ) ; if these rays strike the photographic 



plate at a distance r, their separation will be bdO + rdd — rd^, and from (3) 
it follows that this quantity is zero when 

-b 

1 - <i>i2e 

Fig. 51 shows graphically the construction which gives a point of con- 
vergence D for both these rays. The two lines BC and BD are inclined at 
an angle 6 with the line of the original direction AB, and from C a line is 
drawn at an angle with CM. 

The point D at which this line meets BD is the point of convergence, for 
it is easy to show that if 6 and <l> be small, the distance CD is given by 

CD = - 6/(1 - <^120). 
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composed of atoms emitted from salts placed on plates of 
incandescent platinum ; these atoms are emitted at low velocities 
and are bombarded by the electrons which, after leaving the 
cathode F, are accelerated by the electric field in the space PS^ ; 
the velocity v acquired by these electrons is given by the relation 
= eV where P is the accelerating potential ; finally the rays 
emerge from the narrow slit Sj, and, being forced to describe a 



circle by the action of the uniform magnetic field, they pass 
through the diaphragm D. Since the radius r of this circle is 
defined by the equation viv = eilr the only particles which can 
pass through the aperture Sg at the end of the semicircle are those 
which have the same value of ejm, for from the two relations given 
above it follows that : 

e/m == 2P/HV2 

and, since the radius of the circle is fixed, all the particles that are 
emitted with velocities other than that given by v — eHr/m 
cannot pass through the aperture Sg and are lost. Those 
particles, however, which pass through Sg are detected by an 
electrometer. 
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From the known values of the field H, and of the accelerating 
potential, the value of elm can thus be found. 

The diagram of Fig. 58 shows the result obtained by Dempster 
for the three isotopes of magnesium, and it indicates the relative 
quantity of each. 

In addition, during the last two or three years the study of the 



Fig. 53. 

spectra emitted by the molecules has enabled the atomic weights 
of the isotopic elements to be determined with great accuracy by n 
different method (Mullikcn). 
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CHAPTER VI 


X-RAYS AND THE ATOMIC NUMBER 

The Discovery of X-rays and X-ray Tubes 
Towards the end of 1895, Rontgcn (1815-1923), professor of 
physics at the University of Wiirzbiirg, found that a Crookes 
tube, if operated inside an opaque pasteboard box, was eapable of 
giving off mysterious rays which produced fluorescence in a screen 
of barium platinocyanidc placed outside the box. 



He gave to these special invisible rays the name X-rays to 
indicate their unknown nature. 

These rays are produced whenever a cathode stream is abruptly 
stopped by some material substance ; in Rontgen’s experiment 
they were produced by the action of the cathode rays on the glass 
of the tube ; now, however, a piece of metal called an antieathode 
is placed in a Crookes tube and bombarded by the cathode stream 
so that it emits Rontgen rays in all directions (sec Fig. 54). 

Gas tubes, in which there is a certain quantity of gas at low pressure, are 
tol)e distinguished from hot cathode tubes (Coolidge tube class) in which the 
vacuum is the highest obtainable. 

In the former the residual pressure is about .5 x 10“® atmos. The positive 
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ions in the gas, formed as a result of t|ie discharge, travel towards the cathode 
thus producing a large number of electrons by collision, and these electrons 
make up the cathode stream ; they leave the cathode at right angles to its 
surface, which is a concave segment of a sphere, and from thence they converge 
to a focal point at which is placed an anticathode of some refractory material, 
such as platinum, tungsten, molybdenum or rhodium. 

These gas tubes have the disadvantage that they require constant attention 
while they are in use. As time goes on the gas is gradually absorbed and its 
pressure falls, the voltage which has to be applied across the terminals becomes 
higher and the current passing through the tube diminishes. It becomes 
necessary to introduce more gas into the tube, and, in fact, special means are 
provided to effect this. 

The hot cathode tubes, on the other hand, function very steadily. The 




typical Coolidge tube consists of a glass bulb, 18 cm. in diameter, fitted with 
tw'o coaxial tubular ends and requires a tension of 220,000 volts. The cathode 
is a tungsten filament in the form of a flat spiral maintained at incandescence 
by means of a current of a few amperes under a pressure of some 10 volts, 
and the emission from this filament is to a large extent focussed on the anti- 
cathode by the action of a cylindrical or hemispherical cup which surrounds 
the filament ; the cquipotential surfaees thus created direct the stream of 
electrons towards the centre of the anti-cathode. 

Until 1914 the applications of X-rays were entirely therapeutic, 
but after the discoveries of Laue and Bragg, and the arrival of the 
Coolidge tube in that year, the applications were extended to the 
industrial field, and they are becoming more important every day. 

It will be seen that in the Coolidge tube the electrons are 
emitted from a metal filament (generally made of tungsten) 
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heated to redness by means of an auxiliary circuit. This circuit 
can be regulated by a rheostat and thus the intensity of the 
electronic current is made independent of the difference of potential 
applied to the tube ; this potential determines the penetrating 
power of the radiation produced. With such an arrangement it 
is possible to control both the intensity and the quality of the 
radiation produced, and so, in a series of experiments, to reproduce 
the same conditions every time. Coolidge tubes are now made in 
which the operating potential is some 400,000 volts. 

Fig. 55 represents a Coolidge tube. 

Properties of X-rays 

Many substances fluoresce under the action of X-rays : among 
them are calcium tungstate and barium platinocyanide ; the 
latter is used for covering the screens employed in radioscopy. 

X-rays pass through considerable thicknesses of bodies opaque 
to ordinary light, and this is their most obvious property. For 
substances which contain only hydrogen, carbon, oxygen and 
nitrogen, i.e., elements of small atomic weights, the transparency 
is high ; substances which contain heavier elements such as 
sulphur, phosphorus, or calcium, are more opaque, and it is on 
this fact that the practice of radiography is founded. 

Opacity to X-rays increases still more for elements like arsenic, 
silver or tin, and so on to lead which can stop the rays completely, 
so that it is used for protective purposes. A few millimetres are 
sufficient. Now, for a given substance the different kinds of 
X-rays in a heterogeneous beam are absorbed to different extents 
(as is the case for a beam of light composed of many different 
monochromatic components). The transparency of a given 
substance is used as the basis of a method for distinguishing the 
various kinds of rays, and these are classified according to their 
ability to penetrate increasing thicknesses ; the more penetrating 
rays are called “ harder ” ; the less penetrating are the “ soft ” 
rays. 

X-rays are propagated in straight lines with a measurable 
velocity which is found to be equal to that of light ; in passing 
through bodies they undergo no appreciable reflection or refraction. 
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they do not convey any electric charge, and they are not deflected 
by either an electric or a magnetic field. 

The rays ionise any gases through which they pass, and 
consequently they discharge electrified bodies, since the air 
surrounding the bodies loses its insulating property. Molecules 
of gas which lie in the path of a beam of X-rays lose an electron 
and become positive ions ; an electron so emitted has a considerable 
velocity and in its turn it ionises a large number of molecules, 
and, after having exhausted its energy, finally attaches itself 
cither to a positive ion or to a neutral molecule, so giving 
rise to a negative ion ; it is these ions that discharge electrified 
bodies. 

The ionisation current which a beam of X-rays produces between 
two metal plates at different potentials can be used to measure the 
intensity of the beam. X-rays affect photographic plates. 
Rontgen’s experiments to determine if the rays showed interference 
effects, using the ordinary optical methods, gave entirely negative 
results. 

The Nature of Rontgen Rays and the Range of their 
Wave-lengths 

In some of their properties the X-rays are similar to light ; 
they travel in straight lines, produce phosphorescence, cause the 
emission of electrons from metals and affect a photographic plate. 

But — and this is the apparently fundamental difference — they 
do not exhibit the phenomena of reflection, refraction,* or 
interference when examined by ordinary methods. Shadows east 
on photographic plates have perfectly sharp edges, showing that the 
rays travel strictly in straight lines and cannot bend round 
obstacles as do rays of light in the diffraction phenomena so 
extensively studied by Fresnel. 

It was suspected that the rays were undulatory in character, 
like light, and that they were produced as a result of the sudden 

* In 1925 Siegbahn showed that refraction did actually occur, and that 
the refractive index was less than 1, f.e., a beam of Rontgen rays, on entering 
an aluminium prism, was bent away from instead of towards the base. 
This deviation is of the order of a minute of arc, t.c., very small indeed. 

M. Siegbahn, Journal de Physique, 6, p. 228, 1925. 
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stoppage, by the antieathode, of the eleetrons forming the 
eathode stream. 

Actually, in 1912, at tlie time when Laue pro^’ed that there was 
no essential differenee between the X-rays and ordinary light, it 
was thought that the new rays were eorpiiseiilar in character ; at 
that time these two eoneeptions were complete antitheses ; it was 
thought that the one character was quite irreconcilable with the 
other, and it was never imagined that some liftcen years later a 
combination of both characters could be conceived.* 

To prove that the Rontgen rays are undulatory in character, 
and to measure their wave-length, they must be made to interfere ; 
it is known that the wave-length can be calculated by superposing 
two rays which, originally derived from the same wave-front, are 
caused to traverse paths differing slightly in length. Now if the 
wave-length is very short, much shorter than that of the shortest 
waves in the ultra-violet spectrum, it will be understood how all 
the researches carried out on these lines in the case of X-rays 
were misdirected, and therefore the phenomena of reflection, 
refraction and diffraction were — apparently — absent. 

In fact, from what has been stated as regards the gratings 
which arc used to obtain diffraction phenomena and to measure 
wave-lengths, it is clear that the spacing of the lines must be of 
the same order of magnitude as the wave-length of the light to 
be analysed, and which it is desired to decompose. 

For iiivStance, the yellow sodium line for which A = 0-0000589 cm. 
is diffracted at an angle of 24° by a grating which has 7,000 lines 
to the centimetre, i.e,, one in which the lines are 0-000143 cm. 
apart. 

Now if the X-rays arc similarly undulatory in character, but 
with a iTjiueh shorter wave-length than any ordinary light, the 
gratings available are of no use since they arc much tgo coarse. 

* We shall see, in fact, that recent experiments have brought out the dual 
nature of X-rays. Whilst, on the one hand, it is probable that Hbntgen rays 
will be found to have the properties of electroinagnetie waves, such as total 
reflection, diffraction by gratings and refraction in prisms, on the other hand, 
there are experiments which have established incontestably that the energy 
of these rays is granular in character. In contrast with this, experiments 
of a different kind have shown that a stream of electrons, originally imagined 
to be corpuscular, behaves like a beam of electromagnetic waves. 
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+ yo® = 1 a® + /S* + / = 1 . 
In this way it is found that 

Kjtto + + ^sVo 


A = 


2a 


( 1 ) 


+ K32 • • • 

Tile angle 2d between the incident ray and the emergent ray 
is given by analytical geometry as follows : — * 

sin 6 = (A/2fl) + Kg^ ... (2) 

If, then, a plate of crystalline material be placed in the path 



Fig. 66. — ^The experiment of Friedrich and Knipping on the scattering 
of X-rays by a crystal. 

of a beam of X-rays, diffraction phenomena take place so that 
the radiation is confined to certain directions, and if the 
transmitted beam impinges on a sensitive plate, the result is a 
photograph (or radiograph) consisting not of lines but of spots 
(Fig. 57). 

These are the experiments due to Laue, Friedrich and Knipping ; 
a narrow pencil of X-rays produced by passing a beam through 

♦ It is sufficient to note that if two lines have respectively the direction 
cosines ao, fiof Yo and a, y, the angle 20 between them is given by cos 26 = 
aao + PPo + TYo* 
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a fine tube of lead (1 to 2 mm. in diameter) traverses a crystalline 
plate, and the resulting diffracted beam is recorded on a 
photographic plate (see Fig. 56). After an exposure of several 
hours, according to the power of the tLil)e employed and the 
transparency of the crystal, a pattern of diffraction spots 
surrounding a central spot is obtained, this central spot being 
due to the rays which are not diffracted, and which travel on in 
a straight line after leaving the lead tube. 

If, for example, the crystalline plate (0*5 mm. thick) has — ■ 
like zinc blende — a tetrad axis of symmetry, the spots arc 



Fig. 57. — A Laue radiograph. 

repeated at an angular interval of 90° about the centre of Ihe 
pattern (see Fig. 57). 

This remarkable discovery of Lauc opened up a method for 
examining the internal structure of crystals. 

Each spot which recurs at a certain angular interval about the 
axis of symmetry has the same intensity in each position, and is 
always produced by rays of the same wave-length. If the record 
on the photographic plate were coloured according to the wave- 
length of the Rontgen radiation, the corresponding spots in each 
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repeat of the pattern would be of the same colour. As an example 
let us consider a spot for which 

^0 ~ 1 I ^0 ~ ^ I yo ~ ^ 1 I ^2 ~ ^ I ^^3 ~ 

From (1) it is found that A/a == 2/27. If, for instance, 
A— 4 X 10 ® cm., then the constant of the grating a=5*4 X 10 ® cm. 
Similarly, if the constant a ot the grating is known, A can be 
found. 

Thus Laue’s discovery has opened up two lines of research ; 
one is the study of the spectra of Rontgen rays, the measurement 
of their wave-length in terms of the constants of a grating, 
obtained as will be described later ; the other is the study of 
crystal structure by using rays of known wave-length. So far, 
for the sake of simplicity, we have confined ourselves to the 
consideration of a cubic system in which the planes of the grating 
are orthogonal and the diffraction centres equally spaced in all 
three directions. The complete theory, taking in oblique structures, 
is somewhat more complicated, but has been completely worked 
out. 

It will be appreciated that it is a very laborious process to 
interpret a radiograph containing many spots into a description 
of the particles which have produced these spots. 

In order to give a better idea of the way in which these 
radiographs are produced and how they serve to indicate the 
internal structure of crystals, we will give an elementary treatment 
of the subject. 

The Internal Structure of Crystals 

It is known that crystals arc polyhedral in form, with plane 
faces, and that each chemical substance has a characteristic 
crystalline form which enables the substance to be identified. 

Crystalline forms have been divided into classes and these 
classes into groups according to the degree of symmetry shown 
(planes, axes, or centre of symmetry). The external polyhedral 
shape, ix.y the symmetry of the mass, is the result ot the regular 
arrangement of the constituent particles ; these may be imagined 
to be placed at the corners of a space lattice such, for example, 
as that shown in Fig. 58. 
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The volume is in this case subdivided into elementary 
parallelepipeds by means of three sets of parallel planes ; the 
planes in eaeh set are equidistant and parallel. The three sets 


C 



A B 


Fig. 59. — A lattice plane in a crystal. 

are inclined to each other at different angles, and the distances 
a, b, c are different. In this way the crystal lattice is produced. 

It is thought that the faces of the crystal correspond to the 
different ways in which a geometrical plane can be placed so as 
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to pass through an indefinite number of these corners, termed 
the nodes of the crystal space lattice. 

For instance, the three nodes A, B, C determine a crystal face 
or, more generally, a plane of the lattice (see Fig. 59). 

When mention is made of the axes of reference of a crystal, 
three directions oA, oB, oC are taken at will to describe the 
position of any face ; it is clear that the intercepts of any face 





Fig. 62. — The cube and the 
octahedron. 



Fig. 63.^ — The rhombic 
dodecahedron. 


on the three axes will be lengths oA, oB, oC, so that the ratios 
oA/p, oB/g^, oC/r have the same relative values as three integral 
numbers, p, q, r being the three intercepts on the axes and 
therefore multiples of the three fundamental distances. 

In this way a face is defined by three whole-number “ indices ” 
— ^for instance, 2, 1, 3 or 0, 1, 2 — and this combination can always 
be arra.ngcd so that one of the indices is equal to unity, for what 
matters is the position of a face in relation to the others, and not 
its absolute position ; in crystals, in fact, the faces occur parallel 
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to each other, and two crystals arc the same when all the faces 
of one are parallel to those of the other. 

Thus we speak of the face 111 ; this face cuts all three axes 
of reference at equal distances from their origin ; if these axes 
are orthogonal, the symbol 111 stands for one of the faecs of a 
regular octahedron ; the symbol 111 stands for another faee, 
and the whole system, i.^., the oetahedron, is expressed by means 
of the symbol (111). A very special case is that in which the 
crystal lattice consists of planes which are mutually perpendicular 
and which are equidistant ; this gives rise to the cube. 

In crystals of the cubical system, three kinds of faces are most 
frequently found, viz., those corresponding to the indices 100 , 
110 , 111 . The first symbol refers to tlie faces of the cube which 
are each parallel to two axes of references, as indicated by the 
two zeros of the symbols 100 , 010 , 001 , 001 , etc., all of which 
are summarised in the symbol ( 100 ). 

The symbol ( 110 ) refers to the rhombic dodecahedron, while 
( 111 ) stands for the octahedron as stated already. The rhombic 
dodecahedron is, of course, a regular polyhedron with twelve 
equal sides, each side being a rhombus. 

Radiographs 

Let us follow Bragg and consider an example of a two-dimensional 
structure^ made up of diffraction centres which are all alike, as in 
the case of a nickel crystal, or of centres of two different kinds 
(sodium chloride). 

An idea of the first case may be gained from Fig. 64, while 
Fig. 65 gives an idea of the second case. 

The symbols ( 11 ), ( 21 ), (31), (41) in Fig. 64 indicate the indices 
of the different faces which, in the case of an actual three- 
dimensional crystal, are triple instead of double. In Fig. 66 , 
which represents the corresponding radiograph, AO is the bc^ 
of heterogeneous incident radiation ; OPj, OPg, OP 3 a^ 
reflected rays, P^, Pg, P 3 the spots obtained on the radio 
It is known that when a beam of monochromatic light fa^^'^ ^ 

plane reflecting surface, every point which receives light I 
a centre of vibration, and there is a single and well* 
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direction along which the reflected rays are in the same phase ; 
this si)ecial direction is the direction of the reflected beam, and 
is symmetrical with the incident beam about the normal to the 
plane (see Fig. 67). 

Only one path is open to the reflected beam, and to every 
angle of incidence there corresponds a single angle of reflexion. 
When, however, as in the ease of crystals, the regularly spaced 



Fig. 64. — Plane lattice of particles Fig. 65.^ — Plane lattice of 

of one kind. particles of two kinds. 


planes lying below the surface plane take part in the diffraction, 
it follows that for any arbitrarily chosen angle of incidence there 
will no longer be any reflected beam, because — save in exceptional 
circumstances — the reflected rays will be unlike in phase on 
account of the distances they have travelled within the crystal ; 
thus a monochromatic beam is not usually reflected unless there 
is a si^ecial relationship between the separation distance 8 of the 
planes (sec Fig. 68), the wave-length of the radiation and the 
angle 0 at which the light enters the crystal. On the other 
hand, when a heterogeneous, and not a monochromatic, beam 
enters the crystal there must be, among the infinite range of 
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radiations of which it is composed, one which will have a wave- 
length sucli that it fulfils the condition referred to above, and 
this component will therefore be reflected. The condition to be 
satisfied is, as we shall show. A = 2 8 sin 0 (see p. 256). 
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Fig. (58. — Reflection at successive lattice planes. 


It will be seen that from the distribution and tlie intensity of 
the spots it is possible to build up a picture of the crystal structure, 
since the order of succession of the wave-lengths forming these 
spots is known. 

We shall take as examples the radiograph of sylvine (potassium 



Fig. 69. — Radiograph of sylvine. Fig. 70. — ^Radiograph of rocksalt. 

chloride) and that of sodium chloride, shown in Figs. 69 and 70.* 
We shall now show how it is that these spots are arranged in 
circles. 

Laue’s diagram is obtained with ROntgen rays having a continuous 
spectrum, i.c., with the radiation given by an X-ray tube. Each group of 

* These figures show the so-called stereographic projection, in which tbe 
ellipses on which the spots lie are projected into circles. 
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A regularly spaced planes is thus 

^ ^ enabled to select from the 

T incident radiation the wave- 
's I length which suits its position 

' and its spacing, so that this 

radiation will be selectively 
reflected in a direction which is 
iixed in relation to that of the 
incident beam. This method of 
Lane’s gives, therefore, the 
orientation of the planes and 
the type of symmetry of the 
crystal under examination, but 
it does not give the dimensions 
of the elementary cell in the 
lattice. 

The typical Lane diagram 
shows a circular central spot, 
which is the record of the 
undeviated beam, and this is 
surrounded with si)ots arranged 
so as to lie on a series of 
Fig. 71. ellipses ; these ellipses are 

arranged symmetrically if the 
incident beam is sensibly coincident with the axis of symmetry of the crystals. 
The problem now remaining is to connect the position of a spot with the 
index of the reflecting plane which produces it. 

In this connection let us consider Fig. 71. The spots are arranged on 
ellipses which pass through the central point O, where the incident beam of 
Rontgen radiation meets the plate. The crystal is placed at C and the angle 
between the incident beam and 
the reflecting face of the crystal 
(perpendicular to the plane of ^ 
the paper) is d. The ray CS Z \ 
makes an angle 2d with the line \ A 

CO ; the other rays CSj, CSj, 

CS 3 . . . correspond to reflections 
at the same angle d. 

The rays CSi, CSg, CS 3 are 
the generators of a circular cone 
having CZ as its axis and 2d as 
its vertical angle. Hence, they 
intersect the plate L in points 
lying on an ellipse. 

If a stereographic projection 
of this ellipse be formed, as 
in Fig. 72, the ellipse becomes 
a circle, and circles such as 
these make up the diagrams 
shown in Figs. 69 and 70. 

This projection is carried out 
as follows (see Fig. 72) : the 
point S is joined to the centre 
C of the sphere whose radius 

is CO and the point M in which Fig. 72. 
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CS intersects the surface is projected on to the plate. The ellipse is thus 
contracted along its major Hxis and becomes a circle. 

A careful study of these figun'S and of many others has led to 
tlic eoiielusion that the particles which arc situated at the nodes 
of tlie crystal lattice and which determine the reflection pattern 
by the positions of the planes passing through them arc not the 
molecules, but the ions. Thus in a crystal of potassium chloride, 
which, like sodium chloride, 
belongs to the cul)ic system, the 
atoms of chlorine are separated 
from the atoms of the metal. 

It will be r(‘adily understood 
how" the radiograph given by 
such a system may have w'cll- 
defined connections with that 
given by a system consisting 
entirely of particles of one kind. 

This division of the reflecting 
planes into two categories is 
responsible' for the special 
appearance of the spots, which are 
found to fallinto two regulargroups. 

Thus from Fig. 70 we can form a picture' of the three-dimensional 
structure of the crystal lattice e)f rock-salt, eallcel a cubic face- 
centred lattice (Fig. 73). 

Moseley’s Discovery * 

Moseley, the young English physicist who was already famous 
at the age of twenty-five and who was killed in the Dardanelles 
campaign in the World War, made a systematic study of the 
emission of Ilontgen rays as related to the periodic arrangement 
of the elements. 

The anti-cathode of an X-ray tube emits radiation of all 
frequencies as a result of the sudden stoppage of the electrons 
which make up the cathode stream ; and in this way the so-called 
continuous spectrum is produced ; at present we shall neglect this 

* H. G. J. Moseley, Phil Mag., 26, p. 1024, 1913 ; and 27, p. 703, 1914. 



Fig. 73. I^attice of roeksalt : 
The halides of the alkali 
metals (KCl, KBr, KK, 
NaBr, ete.) have the same 
lattice form. 
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spectrum. Superposed on it, however, the photographs show 
some very fine lines, and these are the lines which Moseley studied 
systematically. 

The spectrum, which consists of a few lines, is atomic, i.^., it 
is almost entirely independent of the nature of the chemical 
combination in which the element forms a part ; in other words, 
an atom is always characterised by its own invariable X-ray 
spectrum, no matter what may be the compound or the alloy in 
which it is present. Brass, which is an alloy of copper and zinc, 
gives rise simultaneously to two spectra which are respectively 
characteristic of the two components when these are used 
separately. 

In the case of cobalt, which it is difficult to separate from 
nickel and from iron, the lines of the latter are in no way interfered 
with by those of the former element. This is the chief 
characteristic which is responsible for the simplicity of X-ray 
spectra. 

Bromine, which cannot be used as an element to form an 
anti-cathode, may be studied in its compounds with other elements 
as a result of the property which has just been described. 

The high frequency part of the spectrum, then, enables the 
elements to be detected in any of their combinations, and this 
provides direct proof of their unalterability throughout all kinds 
of chemical transformations. 

Thus X-ray spectra are much simpler than light spectra ; 
while the latter may consist of hundreds or sometimes even 
thousands of lines, the former consists of a small number of lines 
grouped in a few series which are referred to by the letters 
K, L, M in order of increasing wave-length. 

The X-ray spectra of the various elements show, in fact, a 
striking similarity, for there are groups of lines which maintain 
the same relative positions and the same relative intensities as 
we pass from one element of the periodic classification to another, 
and each line of every group is similarly repeated in going from 
one element to the next (see Fig. 74). 

In any given spectrum the K series is that containing the 
highest frequencies, and in this series four lines are to le seen, 
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called respectively a, a', jSj. The first two are the closest 
together. 

If, then, various elements are taken in the order of increasing 
atomic weight, it will be seen that there is a gradual and uniform 
displacement of the systems of lines ; Moseley examined more 
than forty elements, from aluminium to gold, using the element 
under observation as the anti-cathode in a tube producing X-rays 
and so obtaining the characteristic lines ; he measured the 
wave-lengths by means of an 




analysing crystal of potassium 
fcrrocyanidc, for which the 
constant d was known to be 
equal to 8-454 X 10~® cm. 

The exploringchamber * used 
for examining the reflected 
radiation contained the 
photographic plate which 
recorded the impression of the 
beam of X-rays coming from 
the crystal ; every characteristic 
line was measured by making a 
very accurate determination of 
the angles corresponding to the 
first two orders in the diffraction 
pattern so that the wave- 
length was calculated from the 
relations X — 2d sin 0^ (first order) and A = d sin 0^ (second 
order). 

To Moseley belongs the credit of having found the law governing 
the change of frequency of a given line with change of the element 
giving rise to it. 

For every line in the X-ray spectrum the square root of the frequency 
V is a linear function of the atomic number.^ This means that if a 
graph be plotted with abscissaj showing the atomic weights or. 
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Fig. 74. 


The spectrometers used for finding the wave-lengths of X-rays are 
described on p. 260, Figs. 84 and 85. 

t As we shall see, the relation is almost linear. 
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better, the atomic numbers, Le.^ the numbers indicating the 
position of the atom in the periodic table, while the ordinates 
represent the values of Vv for any given line in the spectra due 
to various elements, then the resulting points lie on a straight line. 

The same is true of the L series and of the M series. 

Moseley’s law may thus be expressed mathematically by means 
of the equation 

Vv = « (N — 6), 

where a and b are two characteristic constants of the line under 
consideration, ^.g., the K line. For this line the above formula 
becomes 

Vk. = 82303 (N - 1)2, 

where N is the atomic number, i.^., the rank of the element in 
the periodic classification. 

In order to give a numerical illustration of what has just been 
described we shall now give the wave-lengths of the K series in 
X units. This unit of length was introduced by Siegbahn, the 
well-known physicist who continued Moseley’s work ; in 1919, 
Siegbahn, having perfected the methods of measurement, so 
inereased the precision of the wave-length data that it was 
necessary to introduce a much smaller unit than the Angstrom 
in which to express them. The new unit, called the X, is the 
thousandth part of the Angstrom unit, so that one X = 10“^^ cm. 


Wave-lengths of the K Series in X units 


Atomic Number N and 
Name of Element. 

a' or a,. 

a or ai. 

^1. 

Pt OT y. 

Sodium 11. 

11,883 

11,883 

11,591 


Silicon 14 . 

7,109 

7,109 

6,739 

— 

Calcium 20 

3,355 

3,352 

3,083 

3,067 

Manganese 25 

2,101 

2,097 

1,905 

1,893 

Zinc 30 . 

1,435 

1,432 

1 ,292 

1,281 

Molybdenum 42 . 

712 

708 

631 

619 

Antimony 51 

474 

469 

416 

407 

Tungsten 74 

213 

209 

184 

179 
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From the figures given in the table on p. 232 it is possible to 
verify Moseley’s law. 

The K series is only well established for the elements lying 
between oxygen and uranium, and this for the following reason : 
the hardness of the X-rays increases in each series as the atomic 
weight increases ; sodium and the elements immediately below it 
give rays which have so little penetrating power that it is difficult 
to study them. 

The approximate proportionality between the square root of 
the frequency and the position number of the element holds for 
all homologous lines, i.e., for 
(see Fig. 75 )* 

We give below a few values for the radiation. The wave- 
lengths are expressed in X units. 


Atomic 

Number. 

Atomic 

Weight. 

Element. 

Wave-lengtl». 

Square Root of 
Frequency. 

30 

65-38 

Zinc 

12,222 

4-95 X 10« 

45 

102-9 

Rhodium. 

4,588 

8-06 X 108 

55 

132-81 

Caesium . 

2,886 

10-2 X 10® 

82 

207-2 

Lead 

1172 

15-98 X 108 

92 

238-2 

Uranium 

908 

18-1 X 10® 


Moseley’s law placed beyond all question the relationship 
existing between the different elements, a relationship which was 
first established, though on a very much less secure basis, by 
Mendeleieff ; the high frequency spectrum is determined by the 
atomic number and, conversely, from a knowledge of the spectrum 
it is possible to deduce the atomic number with absolute certainty ; 
the high frequency spectrum alone serves to define precisely the 
nature of an element and its position in the periodic classification ; 
this position is identical with that determined by the chemical 
properties, and, apart from a few inconsiderable exceptions, with 
the order based on the atomic weights. 

♦ In Fig. 76 R is the Rydberg constant (expressed as a frequency) to 
which we shall refer in Vol. II, Chap. II. For the j)resent it is sufticient to 
state that it is a constant ; its value is 3-2775 x 10^*^ sec.~^ 
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Now, these exceptions are just the cases in xvhich similarity of 
chemical properties indicates that there should be a departure from 
the strict order of the atomic weights. Tellurium (at. wt. 127 - 5 ), 
which shows a striking similarity with selenium, must now be 
placed before iodine, which has an atomic weight of 126 * 92 , in 
spite of the greater atomic weight of the former element ; if this 
is done, tellurium falls into the same column as the element it 
resembles. Cobalt and nickel, too, cause another inversion, the 
former (Co = 58 * 97 ) being now placed before nickel (Ni = 58 * 68 ). 
In order to bring argon into the column of the rare gases, so that 
it may be amongst its analogues, it has to be placed before 
potassium, and in this way the latter element occurs in the same 
column as sodium and lithium where it naturally belongs. In 
spite of these anomalies, which caused Mendelcicff’s classification 
to appear somewhat arbitrary, it emerged triumphant from all 
criticism ; it was hoped, and indeed believed, that this classification 
was based on a real periodicity in properties as the atomic 
weight increased, and that it would therefore provide a basis for a 
philosophical explanation of nature ; Moseley then showed that 
the order of succession of the spectral lines in the high frequency 
spectrum corresponded exactly with the order of succession of the 
elements ; tellurium occurred before iodine as it naturally should, 
cobalt before nickel and potassium before calcium. Moreover, the 
known elements left gaps in the scries of lines, and these gaps 
belonged to the elements which were still unknown. It was 
thus proved that there could never be discovered, either on 
the earth or elsewhere in the universe, any new elements with 
atomic weights lying between 11 and 92 , i.e., between sodium and 
uranium, other than those which had already been indicated as 
unknown ; at the time of Moseley’s work ( 1913 ) the vacant spaces 
were six in number and the confirmation was a matter of great 
interest.* 

The essential significance of Moseley’s law is not that the square 
root of the frequency is a simple function of the position of the 
element in the periodic arrangement, but that there exists a 

♦ At the present time there are only two vacant places. 
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property, the X-ray speetruni, which is a continuous function of 
this position ; this fact establishes tlu‘ existence of a common 
basis for the structure of all the various atoms, a basis which can 
control this property of the atom, and this structural basis must 
be such as to change gradually and uniformly on passing from one 
position in the periodic table to another. Since this simple linear 
relationship between the atomic number and the frequency no 
longer holds if the atomic weight be substituted for the atomic 
number, it seems clear that the latter and not the former is the 
independent variable which must be considered when studying the 
successive variations in the properties of bodies. 

The Continuous Background Spectrum and its Limit 

As has been said already, an X-ray tube emits a spectrum 
composed of a continuous background on which arc superimposed 
the bright lines characteristic of the element forming the anti- 
cathode ; the former part is also referred to as the “ general,” or 
“independent,” radiation, since it does not depend on the anti- 
cathode which is used, but is made up of an infinite number of 
homogeneous radiations as in the case of the white light spectrum. 
Let us consider a hot cathode tube, the Coolidge tube. 

The Coolidge tube allows the intensity and the penetrating 
power of the X-rays to be controlled very easily ; the intensity 
may be increased by raising the current through the filament and 
so increasing the number of electrons emitted ; the hardness is 
increased by raising the voltage applied across the electrodes ; it 
is thus possible to obtain a strong or a weak dosage of rays of any 
desired degree of hardness. 

Let one of the hot cathode tubes be operated at constant 
potential V ; the electrons arrive at the anti-cathode with an 
amount of energy which can be varied at will by adjusting V. By 
means of a spectrometer with an ionisation chamber it is possible 
to measure the intensity of the ionisation produced by the rays 
reflected from the crystal at various angles. In this way the 
spectral distribution of the radiation can be determined at any 
given potential and the curve showing the intensity of the radiation 
at each wave-length can be drawn. 



THE BACKGROUND SPECTRUM 


287 


By varying the potential across the tube, a similar curve may 
be obtained for each selected value of V, and so the complete 
diagram shown in Fig. 77 may be constructed. 

In a similar manner it is possible to use a constant angle (Le., a 
single wave-length) and to trace the curve connecting the intensity 
of this homogeneous radiation with the potential applied across 
the tube ; these latter curves are called isochromatic, for an 
obvious reason, and have the form shown in Fig. 78. 

The two methods of 
working are equivalent, 
and, clearly, lead to the 
same results. 

Now from Fig. 77 — or 
(equally from Fig. 78 — it 
will be seen that the 
intensity of the spectrum 
becomes zero for a 
maximum frequency vq 
at each potential Vq, and 
it is found that between 
these two (piantities 
there exists the simple 
relation vq ~ VQ(c//i). 
where h is constant 
throughout. 

For instance, at 88,000 
volts the radiation A = 0*818 Angstrom has zero intensity ; at a 
lower voltage, c.g., 25,000 volts, the ionisation due to the 
radiation is reduced to zero at a lower frequency, and, in 
fact, Vff and the voltage Vq vary in the same ratio as above 
stated. 

Thus the starting points of the various curves obtained at 
voltages of 20, 80, 10 and 50 kilovolts represent frequencies which 
lie on a straight line if they are plotted on a diagram showing 
corresponding values of vq and Vq. 

This law is of very great importance ; the constant h appears in 
the formulae expressing many of the most diverse physical 
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phenomena and is called Planck*s constant,'^ or the radiation 
constant for reasons which we shall see later. 

A number of physicists have verified this law by means of 
experiments carried out on various metals, especially during the 
years 1915-1919.t 

The value of h is 6*55 X 10""27 sec. It is expressed in erg 
seconds because the product cVq is work and frequency is the 
reciprocal of time, so that the ratio h — really has the 

dimensions of energy X time. A given radiation j/q, then, does not 



appear unless e\ ^jh exceeds vq, i.e., unless the voltage attains the 
corresponding critical value. 

This is the significance of the results obtained experimentally. 
The highest voltages practically attainable are now about 200,000 
volts ; the electrons then acquire a velocity of 260,000 km. /sec., 
close to the velocity of light, as can be easily calculated from the 
relation \ mv^ = Ye. 

If, instead of considering the continuous spectrum, as we have 
done so far, we turn our attention to the rays which arc 
characteristic of the metal used for the anti-cathode (tungsten, 

♦ From the name of the celebrated physicist, Max Planck, professor at 
Berlin, and founder of the quantum theory. 

t W. Duane and F. L. Hunt, Phys. Hev.. 6, p. 160, 1915. D. L. Webster, 
Phys. Rev., 7, p. .599, 1916. F. C. Blake and W. Duane, Phy.s. Rev., 10, pp. 93 
and 624, 1917. E. Wagner, Phys. Zeits., 21, p. 621, 1920. 
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molybdenum, platinum, etc.), it is found experimentally that in 
order to excite the rays of any group, the energy of the electrons 
coming from the cathode must be at least equal to that which 
corresponds with the line of the highest frequency in the group as 
calculated from the relation hv = Ye ; no line in a group appears, 
in fact, until the energy of the electrons travelling towards the 
anti-cathode attains the value hv, i.e,, 6-55 X 10 multiplied by v. 

When this value has been reached, then all the lines appear at 
once. 

The existence of these lines of maximum frequency v^, 
all produced at once 
when the energy of 
an electron Ye=\ mv^ 
is sufficiently high, 
suggests that there 
exist within the atom 
certain levels of energy. 

To form a clearer idea 
of the matter let us 
imagine the following 
mechanical system : — 

A number of equal 
masses P arc placed 
at different levels K, L, 

M, N (sec Fig. 79) in a 
field of force which decreases rapidly upwards. The first of these 
masses, if it be given sufficient energy, may be thrown upwards and 
move off to infinity, leaving its place vacant ; this may happen 
provided the kinetic energy ( | mv^) imparted to the mass is equal 
to the work required to remove it to infinity. For a mass P 
situated at the level L, the energy required will be less since the 
level is higher. With a system such as this the removal to infinity 
of a mass from the level K, or its removal from the level L to 
infinity, will be followed by the fall of a mass which descends to 
fill up the vacant space and the phenomenon will be accompanied 
by the emission of monochromatic radiation. We have the 
emission of the line if the mass comes from the nearest level, 
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of the line if it comes from the next but one, of the line if 
it comes from the next but two, and so on ; equally the emission 
of the lines L^, L^, L^, etc., is the result of a vacant space at the 
level L. 

With this system it will be understood that the work which has 
to be done in order to create a vacant place is greater the lower the 
level under consideration, and it is immediately apparent why — 
given sufficient energy for the creation of a vacancy — all or none 
of the lines in a K series aj^pear according as the energy available 
is or is not sufficient to remove to infinity a mass situated at the 
K level. The lines, therefore, all appear simultaneously if these 
necessary amounts of energy are supplied continuously, for the 
vacancies created will be filled by masses falling from all the 
different levels. In conclusion, the fact that, for any one body 
acting as an anticathode, all the spectral lines of a K series appear 
simultaneously, and that in order to make them appear the energy 
needed is hv, proportional to the frequency of the “ highest ” 
radiation, suggest that the atom does actually possess a similar 
structure with energy levels. It is the constituent electrons 
which convert the potential energy of the atomic system and are 
responsible for the emission of the spectral lines. 

We shall see later, in Vol. II, Chap. II, that these energy levels do 
actually exist within the atom, and that they can be measured. 
This explains quite satisfactorily the experimental fact — which is 
here only referred to in passing — that, until the energy Ye = I niv^ 
of the cathode particles reaches a value sufficient to enable it to 
plunge — as it were — into the internal structure of the atom, none 
of the characteristic rays is emitted, but on the other hand, when 
one is emitted, the whole series is emitted. At this stage it is not 
possible to explain why the energy Ye and the inaximum frequency 
excited should be connected by means of the simple relation 
V = Yejh, wlxere A is a constant for all frequencies, for every metal 
and without any exception whatever. 

The use of Gratings in X-ray Spectroscopy 

Jean Tliibaud, in 1925,* succeeded in obtaining X-ray spectra 
♦ J. Thibaud, Comptes Rendm^ 182, p. 55, 1926. 
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by means of a grating on glass having 200 lines to the millimetre 
and in measuring the wave-length by this method ; the result is 
remarkable and seems at first sight to eontradiet what has been 
said as to the extreme smallness of the wave-lengths of these 
radiations and the consequent impossibility of applying 
speetrographie methods to them. After the work of Lane and 
Bragg in studying X-rays, crystals were used exclusively, as these 
naturally occurring gratings were on an atomic scale ; Thibaud, 
however, conceived the idea of going back to an ordinary type 
of line grating, and of obtaining the diffraction effect by 
causing the beam of rays to strike the grating at grazing incidence 
(see Fig. 80) 

We have seen already (p. 28) how the elementary theory of 



Fig. 80 .^ — ^Thibaiid’s grating spectrograph for X-rays. 


the plane grating shows that if a beam of rays strikes a reflection 
grating at any angle, the monochromatic diffracted rays lie 
symmetrically on either side of the regularly reflected beam ; if 
the grating has I/m lines per unit length, the diffracted ray of 
the nth order for radiation of wave-length A is reflected at an 
angle i' when* 

nA m (sin i — sin V) 

or, measuring angles from the plane of the grating, 
nA — m (cos d — cos a + 6), 

If a narrow pencil strikes the face of the grating very obliquely 
(see Fig. 80), making with it a very small angle 0, we may 
substitute for cos 0 and cos (a + 0) the first two terms of the 
series representing them, so that 

nX = I 7n (a^ + 2a0) = ^ /na (a + 20) . . . (1) 
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or, since the angle of deviation A is equal to (a + 20), 

nX — h mocA (2) 

It is easy to calculate, or to show graphically, that for an 
angle of incidence of the order of 0 == 1()~® the effect is the same 
as if the grating were very line ; in other words, the dispersive 
power is greatly increased,* and it begins to be possible to separate 
Rontgen rays at appreciable angles, using gratings with only 50 
to 100 lines per millimetre. 

It will be seen that this method is specially suitable for 
photography, since, at these very sinall angles of incidence, total 
reflection takes place and the reflected beam is therefore very 
intense ; actually the refractive index for X-rays differs from 
unity by only a very small quantity 8 which is of the order of 
10 ~®, and total reflection occurs when 0 is less than a certain 
limiting angle given by ^lim = a/ 2S ill accordance with 
elementary optical theory. Now if 0 is of the order of it is 
possible to come within the region of total reflection, and the 
reflected beam has then the desired high intensity. 

Thibaud used, for instance, glass gratings having 50 to 200 
lines to the millimetre, and with exposures of ten minutes to one 
hour he was able, not only to separate the different radiations 
given by a Coolidge tube, but also to measure the wave-lengths 
of the characteristic lines. 

The absolute value of A for a certain radiation from copper 
was determined by Thibaud, who measured the angles a and 
A = OL -j- 20. Using the relation n\ = \moiA he obtained A, 
since the constant of the grating was known {m = 5/10,000 cm.). 

Thibaud found for this line of the copper spectrum 

A == 1-540 Angstrom. 

This figure should agree with that given by crystal gratings 

♦ Actually the formula for the first order is A = w(sin i — sin i'), which 
may be written approximately as A = m(i — i'), when i and i' are very small ; 
thus dX = mdi' and the change of the angle i' with respect to a change of 
wave-length is di'/dX = l/wi. However, when the pencil reaches the surface 
at grazing incidence, from equation (1), since 6 is small with respect to a, it 
follows that, practically, A = iwa*. Hence d(xldX 1/aw, and by comparing 
this with di' I dX = 1/w, it will be seen that the dispersion is greatly increased. 
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(rock salt, or caleitc) for which the spacing in the lattice is known ; 
actually, on the assumption that for rock salt * 
d = VM/2Np = 2*814 Aug., 
where N = Avogadro’s number 
p = density of rock salt 
M = molecular weight of rock salt, 
the value found for A is 1*538 Ang. 

In addition to total reflection, diffraction at a slit has been 
detected in the case of X-rays ; Holweek and Biicklin, for instance, 
have condueted experiments with the radiation of aluminium 
and have found as many as forty clearly defined fringes. 

Finally, some physicists have succeeded in demonstrating and 
measuring the i3olarisation of X-rays, i.e., the existence, in 
certain circumstances, of a plane of preference for the transverse 
vibrations. 

The Absorption of X-rays 

This is a very complicated subject, and in order to avoid 
overloading the discussion we shall endeavour to bring out the 
fundamental points in a few words. 

It is found experimentally that when X-rays pass through a 
material they are partially absorbed ; a monochromatic or 
homogeneous radiation loses equal fractions of its energy as it 
passes in suceession through a series of identical screens. If Iq 
represents the initial intensity of such a radiation and I the 
intensity observed after passing through any thickness then 
I = the usual exponential relation appropriate to 

phenomena of this kind ; /a is a numerical coellicient called the 
linear absorption coefficiefit ; anyone who has made a slight study 
of physics knows that this equation is obtained by integrating 
the differential equation dl = —pldx, which signifies that the 
quantity of energy absorbed in a layer o^ thickness dx is 
proportional to the amount of energy reaching that layer. 

The linear absorption coeflicients of the different substances 
arc measured by means of the ionisation spectrometer, placing 
different thicknesses of the substance under examination in the 


Seep 258. 
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path of the beam. The erystal, as we know, isolates a wave- 
length A, and the ionisation chamber gives the intensities with 
and without a layer of material interposed. These figures show 
that the initial intensity Iq and the final intensity I are connected 
by the equation 

I = 

and from this equation the value of jjl, the linear absorption 
eoellieient, can be calculated for different values of A and different 
materials. 

The linear absorption eocffieient, then, is a measure of the 
absorption per unit volume, taken across unit eross-seetion. On 
taking logarithms we have (l/a?)log (Iq/I) = it will be 

seen that (log Iq ~ log I)/^ should be constant ; this provides 
an experimental test for the homogeneity of a beam of rays, 
since in the ease of a heterogeneous beam the relation between 
log I and the thickness ceases to be linear. 

The effect of the physical conditions of the material on the 
value of is negligible to a first approximation ; i.e.s the 
temperature and the pressure do not bring about any variation 
in fi provided there is no variation in the density ; thus the 
ratio flip between the linear absorption coefficient and the density 
is constant for any given material. 

This ratio pjp measures the absorption due to unit mass of the 
absorbing medium taken over unit eross-seetion wheii the radiation 
is incident normally. 

It will readily be understood that this ratio pjp is more important 
than the simple linear absorption eocffieient and is therefore very 
commonly employed ; it is not to be imagined, however, that for 
all the elements the eoeffieient p is simply proportional to tlie 
density, for in that ease p/p would be a constant which was 
independent of the nature of the material. This is not the ease, 
for this ratio actually depends both on the atomic weight and 
on the quality of the radiation. 

Sometimes the absorption is given in terms of the thickness D 
of the substance which halves the intensity of the radiation 
considered. It is easy to show that D and p are connected by 
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the simple relationship D = 0-69/^, so that the coefficient (i is the 
reciprocal of a length. 

For fatty tissues /x varies from 0-4 (hard rays) to 0-7 (rays of 
medium hardness) ; a centimetre of flesh absorbs from 30 to 
90 per cent, of X-rays. 


Some Values of fi/p for Various Metals and for 
Different Frequencies * 


A ill Angstrom. 

Fe 

Z = 26. 

V.VL 

Z = 20. 

Mo 

Z = 42. 

Ag 

Z = 47. 

Vh 

Z - 82. 

p 7 86. 

p - 8 93. 

p = 91. 

p - 10 5. 

p = 1 1*37. 

OlOO 

0-265 

0-323 


1-13 

3-78 

0110 

0-399 1 

0-49 

1-35 

1-67 

4-32 .s 

0-120 

0-572 

0-77 

1-96 

2-63 

2-0 S 

0-250 

1-07 

1-53 

4-02 

5-75 

4-62 5 

0-300 

3-18 

4-47 

12-7 

18 

13-9 

0-400 

7-17 

10-1 

26-7 

38-4 

32-7 

0-500 

14-3 

18-8 

48-6 

11-0 

59-3 

0-600 

23-3 

31-6 

80-7 

18-7 

91 ,4 

0-700 

36-3 

49-2 

18-8 

25-6 

133 

0-800 

51-7 

— 

27-2 

— 

a 

i 

0-900 

69-6 

97 

37-5 

57 

140 8 

1-000 

95 

133 

51 

75 

177 5 


The thickness Dj/m metal which transmits only one-tenth 
of the monochromatic radiation for which the absorption coefficient 
is p, is given by = 2'303/jtx, and the thickness which absorbs 

half the radiation is found by multiplying this value jq by 
0-301. 

The energy lost by a beam of rays in passing through a body 
is partly scattered. The intensity of this scattered radiation is 
different in different directions, but it is of the same kind as the 
incident radiation (Compton effect). Another part of the absorbed 
radiation is changed in quality and is equally distributed in all 
directions (characteristic fluorescent radiation) ; finally, part of 

* “ Les Rayons a,” by Thibaud, 1980. 
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the energy is re-emitted in the form of corpuscular radiation 
(electrons), and very little of this leaves the body unless it is a 
gas ; in the ease of a gas, however, a considerable amount of 
ionisation takes place. The X-rays which are emitted arc, in 
their turn, absorbed in a similar manner to the incident rays. 
The characteristic fluorescent radiations are those of the spectral 
lines given by the substance on which the radiation impinges, 
and their frequencies are always less than the frequency of the 
primary radiation.* 

Since the corpuscular radiation is associated with the 
characteristic fluorescent radiation, the mass-absorption coefficient 
pIp may be divided into two parts, one, ajp^ the mass scattering 
coefficient, and the other, r/p, the transformation coefficient ; 
hence we write : 


P P P 

For the reason already stated, all three are referred to unit of 
mass. The relative proportions of the two kinds of absorption, 
scattering and fluorescence, depend on the nature of the substance 
and quality of the radiation. 

In the case of aluminium, for instance, or/p is about 0-15, but 
it may fall to 0*04 for very penetrating y-rays. 

The absorption responsible for the fluorescent radiation is, 
then, much more important, and in fact for certain elements, 
such as copper, r/p is the same as the total absorption coefficient 
pip. The energy thus absorbed from the primary beam is 

♦ The fluorescent rays are caused by the ionisation and subsequent 
recombination of the atoms of the radiator. As we shall see later 
(Vol. II, Chaps. II and V), when X-rays pass through a body, one part of 
their energy is expended in releasing p particles (electrons), and the 
remainder of the atom concerned (the ion), when it recombines with an 
electron, and so returns to its normal condition, gives out energy, which 
appears in the form of this fluorescent radiation. Since the ionised atom 
returns to its normal state in jumps, each of these corresponds proportionately 
to the emission of a monochromatic radiation, so that the fluorescent 
radiations are of a lower frequency than the primary radiation. We have said 
“ proportionately ” ; this is Bohr’s fundamental law, which we shall discuss 
at length in Vol. II, Chap. II. At present we shall only say that the energy 
levels between the successive jumps are called stationary states of the atom. 
The release of the electrons is known as the photoelectric effect. 
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re-emitted in the form of characteristic X-rays in the series K, 
L, M, etc., and as corpuscular radiation composed of electrons. 
As regards the way in which rjp varies with the atomic weight 
of an element and with the wave-length of the radiation, it is 
found that it increases rapidly with increase in both these 
quantities, as we shall explain a little later. 

Fig. 81, which summarises what has been said, shows the 
fluorescent absorptions of an element ; the K, L and M absorption 



LscK/Ri Msemei 

Fig. 81 . 


bands are shown, as well as the beginning of the N band ; these 
follow on in suecession from the short wave-length end ; at the 
bottom of the diagram on the left is shown the absorption due 
to scattering, afp, whicli is negligible at high frequencies. 

The maximum of the M band lies outside the diagram, being 
at least 1,000 times as great as that of the K band. 

The discontinuous emission spectrum of the element is also 
shown for the purpose of indicating the close relationship between 
the fluorescence and the continuous absorption spectrum ; from 
this it follows that if the radiation reaching the element consists 
of long wave-lengths, the absorption is entirely due to the 
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excitation of M fluorescence. If A becomes shorter, other 
absorption bands appear, and these produce the L fluorescence ; 
thus the total eoefficicnt rjp may be split up into its various 
components which are associated with the different bands of 
seleetive absorption. 

This aecount will be made clearer by the description of the 
atomic structure given in Vol. II, Chap. II. 

Tlie elements have, then, a real absorption spectrum consisting 
of a scries of bands which shifts in a regular manner from the 
short wave-length end and terminates in a sudden discontinuity 
at the other end (to the right). The wave-lengths of these 
discontinuities are slightly less than those corresponding to the 
highest frequencies in the emission spectra of the same body. 
It is the selective energy absorbed in a band which is partly 
re-emitted as the characteristic fluorescent radiation, while the 
remainder excites the electrons responsible for the corpuscular 
radiation. 

Thus it is not only the cathode rays — i.e., the rays consisting 
of very high speed particles — ^which can excite X-radiation ; the 
X-rays originating at the anti-cathode, if they strike a metal, can 
themselves cause the emission of undulatory radiations, and these 
have the great advantage over the primary radiation that they 
are homogeneous, since their quality is governed by the nature of 
the metal emitting them and not by the quality of the radiation 
which excites them ; the sole condition for their emission is that 
the primary rays shall be sufficiently hard. Further, since the 
penetrating power of a characteristic radiation increases with 
the atomic weight of the atom which emits it, it follows that 
the characteristic radiation of any given body can excite the 
corresponding radiation of any body which is lighter, but not 
that of a body with a higher atomic weight. 

If, instead of considering a single element, a number of different 
elements be compared as regards the way in which the position 
of any one discontinuity varies with the atomic weight, the result 
will be Moseley’s law, viz., V v increases directly as the atomic 
number. 

But this is not the only rule which is found to hold among 
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the values of A eorresponding to the absorption limits for the 
different elements. There is a eonneetion between A and the 
quantity /x/p for a single clement, and this shows how jn/p depends 
on the atomic number Z as we shall now explain. 

To a first approximation it is found that 


P P 

i,e., rjp is roughly proportional to the cube of the wave-length.* 
It is, however, to be noted that this empirical approximate 
relationship between fijp and the cube of A holds only for a 
certain range of wave-lengths ; when A has fallen below the limit 
of this range, the absorption suddenly rises, it being understood 
that the same body is under consideration throughout. 

In order to trace out the spectral absorption curve of a 
substance, the heterogeneous radiation given by an X-ray tube 
is filtered by reflection from a calcite crystal so as to produce an 
almost monochromatic beam in the path of which is placed a 
sheet of the substance being investigated. The ratio I^/Iq is 
then measured for different positions of the crystal, i.e., for 
different wave-lengths. 

By using different elements and different values of A a complete 
picture of the phenomenon may thus be obtained. 

In order to compare the scattering coefficients of the different 
elements, a quantity called the atomic coefficient of absorption 
is defined ; this represents the energy absorbed in the medium, 
per second, by a layer containing one atom per cubic cm. If 
N denotes Avogadro’s number and A the atomic weight of the 
absorbing material, then 

= (r/p) (A/N). 

The researches of Bragg and Pierce (1914), confirmed by many 
other experimenters, have given rise to the well-known formula 
which bears their name, viz. 


* F. K. Richtniver, Phys. Rev., 18, p. 13, 1921. 
27, p. 266, 1926. 


S. J. M. Allen, Phys. Rev.^ 



260 


XRAYS AND THE ATOMIC NUMBER 


This law expresses the well-known fact that the absorption 
decreases rapidly at the shorter wave-lengths. 

It may be noticed that, A being roughly proportional to Z, it 
follows that r/p varies approximately as 7?. Thus, if the variation 
of (t/p)A with the atomic number be graphed for any given 
wave-length, the eurve obtained is of the same form as if (tIp)A 
be plotted against A for any given element. 

Now these researches have shown one essential fact, viz., the 
sudden changes which occur in the coefficient C ; at certain 
well-defined values of A the curve representing the absorption t 
shows an unexpected drop, after which it resumes its upward 
trend, but with a different value of C ; in the absorption eurve 
of any one element there are several diseontinuities corresponding 
to the critical wave-lengths^ and these are ealled the absorption 
discontinuities of the element under consideration. 

As we shall see in what follows, these wave-lengths A^, A^, etc., 
correspond to the frequencies ~ which a 

radiation falling on the substance tears away from the atom the 
eonstituent electrons in the various energy levels, eaeh energy 
level thus eorresponding to a diseontinuity in the curve. 

When V reaehes a critical frequency, for instance, an extra 
absorption due to the ionisation of the L ring takes plaee ; this is 
the basis of a method of investigating the progressive building-up of 
the atoms which occupy successive positions in the periodic table. 

As we shall see in Vol. II, Chap. II, the K discontinuity is single, 
L is triple, and M is a quintet. 

The law of Bragg and Pierce, then, only expresses the variation 
of Tqi between two successive discontinuities ; in order to obtain 
the total absorption for a radiation of frequency v it is necessary 
to add all the terms CZ^A^ for which Z and A are constants, while 
C assumes first one value then another Cj^, C^j, and so on. 

The values, according to Richtmyer, for the mass-coefficients 
rjp for certain elements are as follows : — 

P 

8*98 copper for A between 0*1 and 0*6A pjp = 147A* + 0-5 
9*1 molybdenum „ „ 0-1 „ 0-85A p/p = 450A® + 0-4 

2-70 aluminium „ „ 0-1 „ 0*4A /i/p = 14-45A® +0-15 
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Wave-lengflis in Angstroms of the Discontinuities K, Li, L^, Lm 

for certain Elements 



Atomic 

Number. 

K. 

Lr. 

Lii. 

Lni. 

Silver 

47 

0-4850 

3-2605 

3-5047 

3-6844 

Platinum . 

78 

0-1581 

0-8921 

0-9321 

1-0704 

Hismuth . 

83 

0-1371 

0-7565 

0-7874 

0-9216 

Uranium . 

92 

0-1075 

0-5685 

0-5918 

0-7214 


Practical Applications of X-rays 

Wc shall devote only a few words to this subject, as it lies 
outside the plan of this book and, further, the author is not 
qualified to deal with the therapeutic side of the work. 

We may first mention radiography, or the taking of photographs 
through the human body in which the bones — which contain 
relatively heavy elements such as phosphorus and calcium — are 
more opaque to the X-rays than the flesh, which consists of 
lighter elements (hydrogen, carbon, nitrogen, oxygen). If part 
of the human body is placed between the source of the rays and 
a screen of barium plati nocyanide, the shadows cast by the 
bones on the screen are denser than those cast by the flesh ; 
this is the principle of the radioscope. 

Radiology has given remarkable assistance in the diagnosis of 
disease or in the showing of the effects of accidents affecting the 
internal parts of the body ; thus it not only shows up foreign 
objects in the body, but it reveals the existence (or the absence) 
of fractures, or the result of a setting. 

In an institution for the treatment of rickets, for example, 
radiography is all-important. 

In modem dentistry, the teeth are examined before they are 
treated. 

Certain diseases are treated with Rontgen rays : lupus, surface 
cancer, fibromata, etc. 

To examine the performance of the digestive organs, radiographs 
are taken by introducing into the patient’s food a bismuth salt 
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or barium sulphate which renders it more opaque so that it can 
be followed during the course of its passage through the stomach 
and the intestines. The various internal organs of the body 
(liver, bladder, etc.) can be observed so as to obtain a knowledge 
of their disorders. 

Stereoscopic radiography consists in taking photographs with 
the tube in two different positions, and by this means it is possible 
to determine the depth of the object being examined below the 
surface of the body in which it is embedded. 

In July 1928, on the occasion of the Congress of Radiology at 
Stockholm, an international agreement was reached on the unit 
to be used for measurements in radiology so that the results 
obtained by different experimenters might be made comparable. 

The quality of the radiation in the practically useful range 
(cither medical or metallurgical) is defined by means of the 
coefficient of absorption in copper or in aluminium, and the 
value of the maximum potential applied to the tube. 

The quantity is measured, as has already been explained, on 
the basis of the ionisation produced in air ; the unit quantity of 
X-rays is that which produces in one cubic centimetre of air 
under normal conditions one electrostatic unit of electricity. 
This quantity is called the Kontgen.'^ 

The importance of this agreement arises from the fact that 
every action of the rays on the tissues obviously depends on the 
quantity of energy absorbed by these tissues, and the X-rays 
may produce either a favourable or a destructive action according 
to the dose administered. Further, the quality of the rays to be 
used depends on the depth to be reached in their application. 

Without going into details we may remark that X-rays 
undoubtedly produce good results in superfieial and certain other 
forms of cancer, if applied sufficiently soon ; there are other 
forms of cancer (sarcoma) which do not seem to be affected ; 
the most important advantages of X-rays are unquestionably 
still as an aid in diagnosis. 

As regards industrial applications, a new technique, that of 
radiometallography, has been developed within the last few years. 
By this means it is now possible to detect and to photograph 
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defects within a body such as a metal plate, a machine part, or 
tubes intended to withstand high pressures ; an autogenous weld 
may also be examined for faults. The variety of ways in which 
these rays may be used for examination of the internal parts of 
different bodies will be understood when it is realised that it is 
possible to penetrate 5 mm. of lead, 7 cm. of steel, 15 cm. of 
aluminium and 40 cm. of wood. 

There is a vast field of usefulness for X-rays in the analysis 
and control of metals and alloys, for by such means it is possible 
to determine the crystal form in an ingot and to follow the effects 
of heat treatment or mechanical treatment on a given specimen. 
The metal to be examined should, for this purpose, be used in 
the form of a plate which is sufficiently thin so as not to have 
too great an absorption. In this way it is possible to study 
metals such as iron, and alloys such as cobalt, nickel manganese 
or other steels, bronzes, brass, duralumin, etc. To give a general 
idea of the problem we may remark that among steels there are 
various components such as austenite, ferrite, martensite, etc., each 
of which has its own crystalline form determined by means of 
radiographs, as we shall explain in the next chapter. 

Other objects which are examined in the same way are porcelain 
insulators, carbon electrodes for arc lamps (to determine their 
homogeneity), the wooden lamiime in aeroplane screw-propellers, 
etc. 

The time of exposure necessary for this kind of work has been 
reduced as the technique has developed ; for a carbon steel plate 
25 cm. thick, one minute’s exposure is required, using a voltage 
of 130,000 volts. 

X-rays are now used with success in the examination of alloys 
and of steels in order to investigate the dimensions and nature 
of the crystal structures of their components. 

They are employed to detect artificial pearls, to analyse the 
smallest of crystals, to examine the fibrous structure of vegetable 
substances, to test coal, to detect retouched portions of old 
paintings, etc., etc. 

Anyone who wishes to learn more about the application of 
X-rays in testing materials should consult R. Glocker’s book, 
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“ Materialprufung mit Roentgenstrahlen,” or the more recent 
book by J. H. Trillat entitled “ Les applications des Rayons X.” 

Among the Italian experts in the use of X-rays, whether for 
medical or industrial purposes, we may mention the engineer 
Enzo Pugno Vanoni of Milan. 
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The Reflection Method — W. H. Bragg and W. L. Bragg 

Laue’s method for measuring wave-lengths or for determining 
the constitution of crystals, however elegant, was incomplete in 
that the wave-length, as it varied from one trace to another, 
introduced an unknown into the interpretation of the interference 
diagrams (the spectrograms). W. H. Bragg, Professor of Physics 
in the University of 
London, and his son 
devised another method 
— suggested by Laue’s 
work, but much more 
convenient in its 
application — by means 
of which it has become 
an every-day affair to 
measure the wave- 
length of X-rays with 
a high degree of precision and at the same time to explore the 
internal structure of a crystal. 

In any crystal, underneath a face which is acting as a reflecting 
plane, it may be considered that there is a regular series of other 
planes })arallel to the face under consideration, since the crystal 
structure of this latter face is repeated exactly in equidistant 
planes. This is represented in Fig. 82, where the straight line 
PP is the face of the crystal. 

Situated at the points of the crystal lattice are the ions, e.g.y 
K"*", Cl~ in the case of potassium chloride (as Debye and Scherrer 
have shown, and as we shall see later). 

When a beam of X-rays enters the crystal at, the angle 0, it 
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may happen that the incident rays AB, A'B', A"B^ A"^'B'"' 
are reflected along the same path BC and they are all in the 
same phase ; this will occur for a certain selected direction 9 such 
that 2d sin 0 ~ X. Actually the difference of j>ath between two 
reflected rays is (MB' + BB') — MN, and since MB' = BB' — 
d/sin 9 and MN = (2d/sin 9) cos^9, it follows that 

MB' + BB' - MN - (2d/sin 9) (1 ~ cosW) = 2d sin 9. 

It will be seen that the reflection brings into play the lower 
layers from the first downwards. For another suitable angle 
which gives rise to a difference of path equal to two wave-lengths, 
the reflected rays are again superposed in phase, and so, generally, 
a reflected beam is produced at the various angles satisfying the 
equations 

2d sin 9^ = A, 2d sin 9^ — 2A, 2d sin 9^ == 8A, etc. 

If, then, the incident X-rays are not monoehromatie, the result 
will be a spectrum, since the crystal will sort out the various 
frequencies and reflect them each in a different direction. Let 
us confine our attention to the first order spectrum which 
corresponds to the condition 2d sin 9 — X; for every wave-length 
there is an angle of reflection 9. From this equation it will be 
understood that it is possible to obtain the value of the wave- 
length when the constant d of the crystal is known (or vice versa), 
d being the distance between two successive planes of the lattice ; 
it is necessary to have an instrument by which to measure the 
angle 9. This is of the greatest importance. 

If, then, a crystal face be so placed that a beam of X-rays 
restricted by a narrow slit is incident upon it at an angle which 
can be varied continuously — this may be arranged by rotating 
the crystal — ^the reflected beam at each angle of incidence will 
consist of a homogeneous pencil of rays of definite wave-length. 

If, further, the reflected rays be caused to strike a photographic 
plate, a series of images of the slit will be recorded, each produced 
by radiation of a definite wave-length, exactly in the same way 
as a spectrum is obtained with a prism when using white light. 

• In this manner the wave-lengths of X-rays have been measured 
and found to be of the order of one Angstrom. 
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It is to be noted that the reflection of the X-rays is independent 
of the existence of specular faces at the boundary of the crystal ; 
it depends only on the internal orientation of the atomic planes 
and on their spacing. 

This difference between the phenomenon termed “ X-ray 
relleetion ” and the reflection of ordinary light at polished surfaces 
is fundamental. The elements of the crystal structure are so 
small that, although under X-rays they act as separate and 
discrete particles, they behave as a continuous medium towards 
luminous rays the wave-length of which is great compared with 
the interval between the elements of a crystal. The X-rays, in 
any case, do not usually penetrate a crystal for more than a few 
millimetres. 

A train of monochromatic waves falling on a face is reflected, 
as stated above, only if the angle d has certain definite values 
satisfying the equations 2d sin 0^ = A, 2d sin 6^ == 2A, etc. 

The reflection corresponding to 6^ is the first order reflection. 
It is clear that by using the same reflecting face, it is possible 
to compare the wave-lengths of the monochromatic vibrations 
by reading off the angles 0^ and using the relation 2d sin 0j^ = A ; 
if, however, a single frequency be employed, it is possible to 
compare the distances between the reflecting planes of the lattice, 
either of a single crystal or of different crystals. This simple 
theory may thus be applied to two types of investigation. For 
instance, Bragg, using reflection from a plate of sodium chloride 
cut parallel to the face of the cube, found that the reflected 
radiation was particularly intense at the angles 5-9°, 11*85° and 
18*15°, using the radiation from a palladium anticathode. The 
distance d between the atomic planes parallel to the faces of the 
cube in the case of rock-salt was available to Bragg, since the 
constitution of sodium chloride was known ; he was thus able 
to deduce A. 

Consider Fig. 83. It is clear that in a crystal of this kind the 
number of elementary cubes is equal to the number of atoms, 
and this is double the number of molecules ; if, then, M denotes 
the molecular weight of sodium chloride (which is known to be 
59*50) and p the density (which is 2*17), M/p is the volume of the 
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gramme-molecule ; M/pN is therefore the volume occupied by a 
molecule where N is Avogadro’s number. 

The volume of the elementary cube is d\ and from what has 
just been said, 

d* = M/2Np, 

so that we find 


d 


V 


59-50 


2 X 60-6 X 1022 X 2-17 


2-81 X 10~® cm. 


chlokihe 


SODIUM 


Ficj. 83. — ^The space-lattice of sodium chloride and of the halides 
of the alkali metals. 

This gives the lattice spacing which is of such importance in 
the study of crystal structure and in its applications. 

Putting this value in the fundamental expression 2d sin 0 = A, 
Bragg found the wave-length of this monochromatic radiation 
from palladium ; the three angles corresponded to the reflection 
bands of the first, second and third orders, since their sines were 
in the ratios 1:2:3. The smallest of the three angles gave 

A = 2d sin 0 = 2 X 2-81 X 10“® x sin 6-9° 

= 0-576 X 10“® cm. 

Using this extremely important method of diffraction from 
crystals, it was possible to measure wave-lengths from 50 to 
50,000 X-units (one X-unit = 10~^^ cm.). 

The complementary process is, as has been said, the determination 
of the distance between two atomic planes in a crystal. First 
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of all it is easy to determine the directions of the atomic planes 
by means of a photograph obtained by Laue’s method ; in order 
to find the distance between the parallel planes, it is necessary 
to measure the deviation of a ray of known wave-length, e.g.^ 
the La^ ray of tungsten for which A = 1-4735 Angstrom. The 
value of d is obtained from the fundamental formula by measuring 
the angles with an ionisation chamber spectrometer, which we 
shall describe on page 260. 

Experiments have shown that Bragg’s law nX = 2d sin0 is 
only aj^proximate ; Darwin and Ewald have put forward a theory 
which depends on the fact that the index of refraction /x of the 
crystal for X-rays, although it is very nearly unity, differs from 
that value by a small quantity 8 which is given by the ecpiation : 

Drude and Lorentz formula. 8 == l — a == V — — ^ — - 

27rm ^ 

where the values of v- are the natural frequencies of the resonators 
(the electrons) set in oscillation by incident radiation of frequency 
Vy while the values of are the numbers of electrons at the 
various levels K, L, M for unit volume of the substance. 

We have already come across this expression on page 46. 

If, therefore, the ray is deviated slightly as it enters the crystal, 
the simple treatment based on Fig. 82 can no longer be api:)lied 
rigorously, and hence the simple law due to Bragg is no longer 
absolutely accurate but must contain another function of A. 

Actually, the natural frequencies of the atom arc negligible 
compared with that of the incident radiation, so that 


8 = 1 


^ ~ 2 TTmv'^ 


On this basis, Darwin and Ewald have shown that Bragg’s 
formula must be amended to the following exact form 

4 Sd^l 

and hence 


nX = 2d sin 6 


nX = 2d sin d 




n* . 277-mc*,J 
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where c == j^A is the velocity of light and m and e arc the mass 
and elementary charge of the electron. 

If the known values of c, m and c be inserted in this formula, 
and ^ be put equal to the density of the material, the resulting 
formula may be used in practical work. 

E. Hjalniar has made precise measurements which have provided 
experimental verification for this result ; later and very accurate 
work has been carried out by Larsson (1915 and 1926).* 

For hard X-rays, S is of the order of 10 so that the index 
of refraction is exceedingly close to unity and the resulting 
refraction practically negligible ; on the other hand, for soft 
X-rays 8 assumes values of the order of 10 and the difference 
from Bragg’s expression becomes marked. 

The Braggs’ Spectrometer — Brief outline of their Work on 
Crystal Structure 

Bragg’s method — called the ionisation chamber metliod — 
consists in detecting the reflected beam of X-rays by means of 
the ionisation it produces in a gas which is enclosed within a 
chamber and which is subjected to an electric field so that all 
the ions formed are collected. 

Fig. 84 shows the arrangement of the spectrometer and the 
tube producing the Rontgen rays ; the crystal at C is fixed by 
means of wax to a rotating platform ; the pointer L indicates 
the angle of rotation, the relative positions of the crystal aiid the 
ionisation ehamber remaining unaltered ; F, F are two apertures 
through which the rays pass on their way to the crystal ; the 
rays reflected at certain angles enter the ionisation chamber B. 
This usually contains sulphur dioxide, which absorbs X-rays very 
readily ; it is carefully insulated and is brought to a high potential. 
The electrode is placed close to the window by which the X-rays 
enter B, and it is connected to an electroscope ; the X-rays 
entering the ehamber release electrons from the atoms, and these 
collide with the gas molecules and produce ions of both signs so 
that the gas becomes a conductor. 

♦ C. G. Darwin, Phil. Mag., 27, p. 315, 1914. P. P. Ewald, Ann. d. Phys., 
54, p. 519, 1917. E. Hjalniar, Zeiis. f. Phys., 15, p. 65, 1923. A. Larsson, 
Zeiis.f. Phys., 35, p. 401, 1926 ; 41, p. 507, 1927. 
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It was with an instrument of this kind that W. H. Bragg and 
his son carried out the remarkable researches which have made 
their names world-renowned. Each has attributed to the other 
the credit for these wonderful researches which have given us a 
knowledge of the way in which crystals arc built up atom by atom. 

In two years they completed the analysis of a large number of 
crystalline structures, giving not only the exact relative positions 
of all the atoms in the lattice, but the absolute dimensions as 
well. After them maiiy others continued and are continuing 
their work, e,g,, Moseley, Duane, Compton, Hull, Maurice de 
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Fig, 84. — Spcrtronieter with ionization chamber. 


Broglie ; tlie last named physicist has used a speetrometer in 
wliieh a circular film is employed to obtain a photographic record 
of the redected beam (Fig. 85). If the angular range of this 
beam in any given experiment be small (not greater than 15°), a 
flat plate may be used in place of the lilni as shown in Fig. 86. 
The framework carrying the crystal inay be rotated at uniform 
speed by means of clockwork or an electric motor very much 
geared down. 

Fig. 86 shows the experimental arrangements in diagrammatic 
form ; K is the cathode of the X-ray tube, A is the antieathode, 
Sj, Sg are two delimiting apertures in a lead box, T is the 
goniometer table which carries the crystal ; as this rotates through 
an angle 8, the reflected ray, as is well known, moves through 
an angle 28 and strikes cither the film FF or the plate PP. 
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Among other things, Bragg measured the intensity of the 
X-radiation emitted by different anticathodes and with different 



Fig. 85. — Apparatus used by Bragg and de Broglie. 

potentials applied to the tube, basing his measurements on the 
intensity of the ionisation currents. We cannot deal with this 



Fig. 86. 

in detail, and can only state that the total energy emitted 
is divided between a continuous spectrum and sharp lines 
characteristic of the metal of which the anticathode is made ; 
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this fact had already been demonstrated by another physicist, 
Barkla, who used in his work the X-ray absorption factors of 
various substances ; by this absorption method he obtained a 
rough analysis of the radiation into its monochromatic components. 

We can now give a brief outline of some of the results obtained 
in the well-known work carried out by the Braggs. Let us take 
first of all the case of rock-salt, which belongs, as is well known, 
to the cubic system ; the space lattice arrangements possible in 
a cubic symmetrical arrangement are of three kinds : the simple 
cubic lattice, the centred cubic lattice, and 
finally, the face-centred cubic lattice, in 
which, as will be seen from the figure, 
four masses are situated at the corners of 
a regular tetrahedron. There is a ready 
means of determining which of these 
three lattices corresponds to the 
arrangement of the atoms in rock-salt. 

Consider the three following systems of 
atomic planes which can be drawn in the 
crystal : 

(i.) the face of the cube, 100. 

(ii.) the face of the rhombodecahedron 

110, which is the diagonal face of the Fig. 87. The simple 

cube and which is parallel to one of the cubic lattice, 

three axes and makes equal intercepts on the others. 

(iii.) the face 111 of the octahedron which is so placed as to 
be equally inclined to the axes of reference. 

Now a careful inspection of Fig. 89 shows that the distances 
between two parallel planes in the case of the three systems of 
planes above described are respectively 

a alV2 2a/V8. 

Hence these three lattice distances should bear to each other 
the ratios 

1 : I/V 2 : 2/V^ 

This is exactly what is found when a given monochromatic 
radiation is reflected from these three systems of planes. 
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If, however, the space-lattice of rock-salt were the simple cube 
or the centred cube, the three distances appropriate to the planes 
100, 110 and 111 would not be in the above ratios ; actually in 
the case of the simple cube the ratios would be 1 : l/\/2 : l/\/3 
and in the case of the centred cube 1 : a/ 2 : l/Vs. 

The same result is obtained experimentally for all the halides 
of the alkali metals, i.e., for the chlorides, bromides, fluorides 
and iodides of sodium, lithium and potassium, with the single 
exception of potassium chloride. For this salt the distances between 
the atomic planes referred to above bear to one another the 
ratios 1 : 1/V2 : 2jVs which belong to the simple cubic lattice. 



Fig. 88. — The centred cubic 
lattice. 
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Fig. 89.— The face-centred 
cubic lattice. 


The measurements made by Bragg on a crystal of sylvine (KCl) 
gave for the semi-deviations produced by the three sets of atomic 
planes on a single palladium line the following values : 

5 • 22 ^ 7 • 30 ^ 9 05 °. 

Referring back to the fundamental equation 2 sin ^ S A,* 
it will be seen that the sines of these angles bear to one another 
the ratios 1 : V2 : Vs and these give values for the ratios of 
dj : dg • which arc appropriate to the simple cubic lattice. 

This result is, however, deceptive ; potassium chloride, which 
is so closely akin to sodium chloride, should not be exceptional. 
What is the reason for this apparent anomaly ? Simply the 


3 is the deviation which the incident beam undergoes. 
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fact that the two atoms of the KCl molecule have neighbouring 
atomic numbers, the former occupying the 17th place and the 
latter the 19th place in the periodic system. Now, as we shall 
explain later (p. 339), equality of atomic number is concomitant 
v/ith equality in the number of electrons in the outer ring of the 
atomic system, and it is these electrons which are responsible for 
the diffusing power of the atom ; aetually the atoms of chlorine 
and potassium have exactly the 
same number of electrons in 
the outer ring, viz., eighteen. 

It may be stated, therefore, 
that tile structure of potassium 
eliloride is the same as that of 
rock-salt, although it appears 
as if it were a simple cubic 
structure of half the dimensions. 

It has been found possible, 
by similar methods, to 
determine a large number of 
crystal structures. Only a 
few substances, however, yield 
crystals which arc large enough 
to enable the experiment to be 
performed ; in most cases the 
crystals are very small. 

Fortunately another method 

has been devised by Debye and 

Scherrer. In this the experiment 

is carried out with powder, space lattice of 

_ . ,, graphite, 

that IS to say, very small 

crystals ; we shall describe it a little later on. This important 
method is less convenient than the rotating crystal method in 
that it requires a long exposure in order to obtain a photographic 
record, but on the other hand it has the great advantage — 
apart from the fact that no crystals arc needed — of demonstrating 
the crystalline structure of substances which crystallography 
had not supposed crystalline because the crystals were so very 
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small ; the result has been to show that practically every mineral 
is crystalline. 

The following are further examples of crystal structures : for 
metals the most common form is the face-centred cube ; such 
are aluminium, cobalt, nickel, copper, silver, etc. 

Examples of Crystal Structures among the Elements 

Face-centred Cube 


Klement. 

Side of Cube 
(Angstrom). 

Element. 

Side of Cube 
(Angstrdm). 

Alummium 

4043 

-y-Iron 

3 63 

Cobalt 

3*554 

Silver 

4*079 

Nickel 

3*499 

Platinum . 

3*913 

Copper . 

3*603 

Lead 

4*920 


Centred Cube 


Element. 

Side of Cube 
(Angstrom). 

Element. 

Side of Cube 
(Angstrom). 

Lithium . 

3*50 

Chromium . 

2*875 

Sodium . 

4*30 

«-Iron 

2*855 

Potassium 

5 20 

Molybdenum 

3 143 


Other metals belong to the hexagonal system ; such are 
magnesium, cadmium and zinc. 

Lithium, sodium, potassium and chromium are of the centred- 
cube type. 

Fig. 90 shows the lattice structure of graphite. The three 
dimensions which govern the form of the structure are shown in 
the figure. It will easily be understood why graphite shows such 
a large difference between the compressibilities in the direction 
of stratification and a direction perpendicular to this. 

The lattice structure of fluor-spar (CaFa) is shown in Fig. 91. 

It was Bragg who discovered that in a crystal the atoms may 
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be looked upon as similar to spheres in contact, the radius of 
these spheres being practically constant ; wc know already that 
the atoms of all the elements have dimensions of the order of 
10 cm. ; now the units in the crystal lattices are of just the 
same order of size and these two facts taken together prove the 
truth of the statement made abov^e. 

For the sake of simplieity we shall not give a detailed description 
of the method used by Bragg to demonstrate that the lattice 
b(‘hav es as a collection of spheres which are packed close to one 
another, their centres being situated at what we have referred 
to so far as the points of the 
lattice; the essential fact 
(‘stablished by Bragg is that 
each sphere has a delinite 
diameter for any given element 
and that this diameter is the 
same whatever be the crystal 
in which the element occurs ; 
in virtue of this fact it is 
])ossible to find the distance 
between the centres of two 
neighbouring atoms in a 
crystal by simply adding their 
characteristic radii. This may be verified by studying, for 
instance, the structures of the crystals of ZnO, ZnS, BaO, BaS, 
MgO, MgS. By a comparison of the oxide and the sulphide of 
the same element, applied to the same lattice dimension, it is 
possible to find the difference between the diameter of the oxygen 
atom and that of the sulphur atom ; this difference is found to 
be constant and equal to 0*75 X cm., so that the existence 
of spherical atoms in contact is confirmed. 

As a particular example we may describe how this has been 
established in the case of pyrites (FeSg). 

It was known that iron gave a centred cubic lattice for which 
the side of the cube was 2-86 X 10“® cm. and, on the assumption 
that the lattice was made up of spherical atoms in contact, it 
could at once be calculated that their diameter was 2-47 X 10"*® cm. 



Fig. 91. — The space lattice 
of fluorite. 
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since this was the distance between the centres of two neighbouring 
atoms. 

The structure of pyrites is that shown in Fig. 92, where it will 
be seen that the four Fe atoms are situated at the corners of a 
tetrahedron and that the two S atoms are on the diagonal of the 
cube ; these two atoms are situated symmetrically with respect 
to the vertex O. The length of side of the cube is known ; Bragg 
and others have found, bv various methods, that the distance 



Fig. 92.^ — The space lattice of 
pyrites (Fe Sj). 

The following values arc due 


between the two atoms of 
sulphur is 2*05 X 10^^ cm. 
These distances being known, 
the figure can be constructed ; it 
is su|)posed that the two atoms 
of sulj)hur are spheres in contact 
and that the Fe atoms expand 
until they touch each other 

and the S atoms ; under these 
conditions it is found that 

the diameter of the Fe atoms 
has the value 2*47 X 10“^ 
cm., which is ])rcciscly the 
same as the value found 

directly. 

In this way, then, it is 

possible to determine the 
diameters of the atoms. 

Bragg 


Radius of the Atom 


Carbon 




. 0-77 X 10-** 

Nitrogen , 




. 0-65 X 10“® 

Oxygen . 




. 0-65 X 10“** 

Magnesium 

• 



. 0-42 X 10-“ 

Aluminium 

• 



. 1*35 X 10-“ 

Silicon 

• 


• 

. 117 X 10"® 

Silver 

• 


• 

. 1-87 X 10-® 
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Debye and Scherrer’s Method of Crystal Analysis 


In 1916-17 Debye and Scherrer perfected a new method for the 
inv^estigation of crystal structures. 

In order to understand it properly we must first consider an 
elementary problem in plane geometry ; from this we can pass 
to the consideration of the three-dimensional problem by simple 
analogy. 

Consider a network of points arranged in a rectangular pattern 
as shown in Fig. 93 ; the intervals a 
and b in the two principal directions 
are unequal. 

If we draw the straight line OM, its 
equation is : 


X y 
- - = 0 


since this represents a straight line 
passing through the origin of co- 
ordinates and through the point 
whose abscissa is a and ordinate 6. 
The straight line PN, parallel to OM, 
is represented by the equation : 


X 


y 



- 1 = 0 , 


Fig. 93. 


as may be shown quite easily. It will be seen, then, that a straight 
line OM' drawn from O to any point in the network will be 
represented by the equation : 


hl + Kl = o. 


wliere hi and A 2 arc two integers. 

This equation represents any one of the infinite number of lines 
which can be drawn through the points of the network. 

From what has been stated above it will be clear that the line 
parallel with and next to a line passing through the origin and 
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any given set of collinear points will be represented by the 
equation : 


X y 

Aj— + A 2 T — 1 =0. 
^ a b 


The axes of co-ordinates are intersected at points which are 
respectively at the distances ajh^ and bjh^ from the origin. If the 
network were a square one, instead of rectangular, then a would 
be equal to b and the distance d between these two lines is easily 
shown to be 

a 

We may now pass on to the consideration of a three-dimensional 
lattice composed of points arranged at the corners of contiguous 
cubes ; tlic straight lines drawn through the origin to intersect 
the points of the network now become planes ; the equation to 
these planes is exactly similar to that written above, and the 
distance between two successive parallel planes is given by : 

d 

'\/h^ + 

where and are any three integral numbers. 

These planes must be considered as including all those which 
it is possible to have inside a crystal, passing through the points of 
the crystal lattice ; they may all be represented by giving 
and A3 any three integral values whatever. We can now proceed 
at once to describe the principle of Debye and Scherrer’s method. 

Consider a mass of small regular crystals (i.e., a powder) on 
which there is incident a beam of monochromatic X-rays. There 
is in these tiny crystals a plane which is defined by, we will 
suppose, the three integral numbers Aj, Ag and A3 ; the parallel 
plane nearest to it is separated from it by a distance 


VAi* + Aa® + As* 

and all the other parallel planes occur at this same interval. 
From what has been said in connection with Bragg’s method it 
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will be clear that an incident beam of given wave-length will be 
reflected from this set of parallel planes if 

sin 6 = (Xj2a)Vh^ -f- -f- h^, 

where a is the constant of the cubic lattice of the crystal and 9 is 
the semi-deviation of the incident beam. 

The orientation of the plane is unimportant since every plane 
in every crystal, for which the above equation is satisfied, will 
exhibit reflection at the angle 9. The reflected rays, therefore, 




Tne f’ILM SPUZ^D OUT 



Fig. 94. — Scattering of X-rays by a crystalline powder. 

are situated on a right circular cone, of vertical angle 20, the axis 
being in the direction of the incident rays. 

The planes defined by three integral numbers /i^. /tj. are not 
the only ones which produce the effect ; equally, all the planes 
which are represented by permuting these figures, or by changing 
the signs of one or more of them, give rise to the same deviation of 
the incident rays ; if, for instance, Aj, h^, are respectively 1, 
3, 2, it will be clear that the planes (231), (213), (132), (123), etc. 
all give the same value of Vhi^ + and therefore of 9. 

In general there are altogether 48 such planes. This number is 
halved if two of the numbers are equal or if one of them is zero. 
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If, for any given radiation, measurement be made of the various 
semi-angles of the eones, 0, and if sin 9 be taken for each of these, 
the numbers obtained bear to one another eommensurate ratios, 
since sin^ 0 is proportional to + ^ 3 ^) always 

an integral number. 

If the X-radiation falling on a crystalline powder is not 
monoehromatie but contains, say, two lines, then the eones no 
longer form one but two series. 

The experimental arrangement used in this method is shown in 
the upper part of Fig. 94. 

The substance to be studied (e.g., graphite or lithium tluoride) 
is powdered and then mixed with collodion so as to give a small 
rod the size of a match. This rod is placed vertically in the centre 
of a cylindrical chamber about 60 mm. in diameter. The top 
of this chamber is covered with an opaque lid and in the wall is a 
hole about 2 mm. in diameter through which passes a tube of h^ad ; 
the incident beam from an external X-ray tube j)asses through 
this tube into the chamber. 

A photographic film is placed around the inside walls of tlu^ 
cylinder. 

The time of exposure is of the order of three hours. When tlu* 
cylindrical film is developed as a plane, the intersections of the 
v^arioiis cones giv e ares of ellipses arranged symmetrically about 
the trace of the undev iated beam. The vertical angles 8 of these 
eones arc measured and the values of sin ^8 are found. As an 
example the values found for lithium fluoride with X-rays froin 
a copper antieathodc may be cited. 

The radiations used were two in number, viz. : 

A = 1-549 X 10-8 cm. x = 1-408 X 10“8em. 

As will be seen, the two series give the same value for the side 
of the elementary cube in the lattice structure as should, of course, 
be the case. 

As regards the formation of the triads A^, Ag, Ag it may be noted 
that it is sufficient to place the values of sin |8 in ascending order 
and then the values of A^, Ag, Ag to be chosen will be immediately 
apparent. 
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Angle of 
Cono 
(obs.). 

S 

Sin 2 * 

h 

h. 


\ 

sin 5 

1st scries * 

37-8° 

0-323 

1 

1 

1 

0-187 i 

Constant a of 

with A = 

44-2° 

0-377 

2 

0 

0 

0-189 ' 

the lattice given 

1-549 X 10 « 

63-8° 

0-528 

2 

2 

0 

0-187 1 

by this is 


80-8° 

0-647 

2 

2 

2 

0-187 J 

fl = 4-11 X 10-8 cm. 

2iid scries 

80-8° 

0-290 

1 

1 

1 

0-168 ) 

value of a given 

witli A 

71-4° 

0-583 

2 

2 

2 

0-168 

by this is 

1-408 X 10 

153-2° 

0973 

4 

4 

0 

0-170 ) 

a =4-17 X 10-8 cm. 


The authors of this method liave developed the theory a great 
deal further, but we must eontent ourselves with having given an 
outline of it. 


Hull i!\ the United States, Bragg in England, Mauguin in France, 
Debye in Switzerland and many others have, during the last few 
years (from 1921 onwards), determined the structure of hundreds 
of kinds of crystals, not only elements (nickel, copper, silver, iron) 
aiul minerals (oxides, sulphides or carbonates) but also organic 
compounds. 

The study of crystals has been developed enormously during 
the last decade side by side with the analysis of X-rays, which has 
now become an easy matter owing to the possibility of determining 
the wave-lengths with a high degree of precision ; not only has 
the constant d been measured exactly for rock-salt (2-814 
X 10' * cm.) but also a sjiecial study has been made of calcite, etc. 
The face 100 for this latter body gives d — 3-029* x 10"** cm. 

The use of calcite is preferable to that of rock-salt, different 
specimens of which show variations in density. It is, however, 
clear that it is easy to change from the constant d for rock-salt to 
that for calcite by using monochromatic X-radiation of any 
wave-length A, since 

A = 2di .sin for iwk-salt. 

A — 2 d 2 sin $2 <?alcite. 

* Actually one series is more extensive, but only a few angles are quoted 
jin the table for the sake of conciseness- 
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The two angles, 9^ and 9^, at which this radiation is reflected, 
are measured and then dj is found if is known already, or vice 
versd. 

Another line of investigation which has to do with crystals is 
the study of the forces which hold in jjosition the ionic lattice 
structure. 

It has been found (Born) that, although ions which arc opj)ositeIy 
charged attract each other when their distance apart exceeds 
their diameter, at shorter distances than this they repel each other. 
The importance of this law governing the mutual forces between 
the ions will be readily understood since with it arc bound up the 
physical properties of a crystal. For an account of the work of 
Born, Lande, Joff^, Herzfeld, etc., on this subject we may refer 
the reader to Joffe’s book, “ Physics of Crystals ” (1930). 

Piezo -electric Properties of Quartz — Supersonics 

It is clear that in this chapter dealing with crystals, and in any 
treatise on Physics, there should be some reference to the physics 
of crystals, i.e., to the work which has been done in investigating 
their electrical, magnetic, clastic, thermal and other properties. 
We shall not explore this very extensive field but shall limit 
ourselves to a brief reference to one branch of the subject, viz., 
piezo-electricity. 

Piezo-electricity was discovered by Ilauy in 1817, and was 
brought to notice again by Curie, in 1880 ; as its name implies, 
it deals with the production of electric charges as the result of 
pressure or, more exactly, the electrical polarization of the ions 
which make up the crystal structure. Every ion, since it possesses 
an electric moment, may be considered as an electric dipole. 
Under normal conditions, the dipoles are oriented at random in 
all directions so that the resultant electric moment is sensibly zero 
for any volume of the crystal, which is not too small. 

Compression produces a deformation and consequently a state 
of elastic tension within the crystal. The individual dipoles 
orient themselves, change their electric moment and give rise 
to a resultant electric moment which is no longer zero. The 
phenomenon takes the form of the appearance of electrical charges 
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on the surfaces of the crystal and is analogous to the formation of 
fictitious magnetic masses at the surface of a magnetised body. 

It is not every quartz crystal that possesses this property. 
Piezo-electric quartz is found only in certain mines and has to 
be specially worked. For practical purposes rectangular plates 
are used and these are cut so that one pair of opposite faces are 
normal to a crystallographic axis called the “ electric axis ” (and 
parallel to the optic axis). Two plates are placed against these 
laces so that the whole system acts as a condenser. If a 
compressive force be applied to the plates, electric charges of 
oj)posite signs appear (due to the polarisation of the dielectric), 
and these charge up the condenser. The charge and the difference 
of potential V between the plates are eonnected with the applied 
pressure p by the equation 

p == aV^ (1) 

where a is a constant. 

In the case of certain practical applications, the inverse effect 
is important ; if a crystal of piezo-eleetric quartz be placed in 
an electric field (suitably directed), then elastic strains are set up 
inside the crystal due to the rotation of the electric doublets, 
and as a result the crystal undergoes a deformation similar to 
that produced by mechanical compression. 

Among the many applications of piezo-electric quartz we shall 
describe the measurement of pressures and the use of quartz 
oscillators. The former application is one in which the direct 
effect is used, while the inverse effect is the basis of the oscillator. 

There are many technical problems in which it is necessary to 
measure pressures that are varying rapidly, as for instance in the 
study of the cycle of operations in an internal combustion engine 
or of the pressures set up during the firing of the charge in a 
gun. The best method consists in placing a condenser, built up 
on a piece of piezo-electric quartz, somewhere close to the point 
at which it is desired to make the measurement. 

The difference of potential V produced by the pressure p can 
be measured by some electrical method, the best being an 
oscillograph. From equation (1) the value of p may be deduced. 

Quartz oscillators consist of a number of quartz crystals cut 
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as described above and having attached to their faces two metal 
plates of suitable thickness which form the plates of a condenser. 

This condenser forms part of an oscillating electric circuit with 
thermionic valves, and it is, in fact, inserted in the grid circuit 
of the first valve ; the circuit is then said to be controlled ” by 
the crystal. 

The quartz crystals and plates can execute longitudinal elastic 
oscillations. They behave as if there were resonance — i.e., 
equality of frequency — between these clastic oscillations and the 
electric oscillations in the circuit. Once this resonance has been 
established it is sufficient to disturb the elastic equilibrium 
slightly {e.g., by tapping the plates) in order to set up persistent 
elastic oscillations (of constant amplitude) in the plates, and 
corresponding electric oscillations in the circuit. The period of 
these oscillations depends primarily on the dimensions of the 
crystals and the plates. In view of the constancy of the period 
of oscillation, such a system can be used to produce a standard 
of frequency, and these standards may be for acoustic or 
supersonic frequencies. 

An important application of quartz occurs nowadays in the 
supersonic range, i.e., with frequencies higher than 30,000 per sec. 
A piezo-electric quartz condenser acting as an oscillator provides 
a source of homogeneous supersonic waves which can be greatly 
intensified by arranging for the necessary power to be supplied 
electrically to the plates ; it is, moreover, possible to limit the 
emission of the waves to a fairly narrow cone {e-g.^ one of 15° 
aperture). 

In other words, it is possible to direct the supersonic waves. 
For this purpose it is sufficient to use a wave-length which is 
of the same order of magnitude as the transverse dimensions 
of the plates of the condenser. Under these conditions, diffraction 
effects cause the waves to interfere so as to destroy the sound in 
all directions which lie outside a cone having its apex at the 
condenser and its axis normal to the plates. 

For a plate of quartz acting as resonator the thickness is equal 
to the half wave-length (or its harmonics) ; actually the thickness 
of the quartz is less, since the metal plates which constitute 
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the condenser and enclose the quartz also take part in the 
vibration. 


An einpirictil formula has been deduced experimentally for finding the 
frequency / in terms of the thickness s (in millimetres) : 


/ = (2870/«) kilocycles per sec. 

Thus, in order to obtain the frequency of one million necessary for 
transmission on 800 metres wave-length the thickness needed is 


2870 

ibob 


= 2*87 mm. 


This empirical formula can be explained immediately. Since / = 
( velocity) /2,v, and since the theory of elasticity shows that the velocity of 
propagation is \/{modulus of elasticity)! (density)^ it follows that for quartz 


V == 


7 9 X lO^i 
2-65 


= 545,000 cm./sec. 


whence s ~ 545,000/2/. 

Thus, finally, / = 545/2.V = 278/5, where s is measured in centimetres. 
It will be seen that this approximates very closely to the empirical formula. 
The crystal is not isotropic, and the effect of this on the calculation just made 
will readily be understood. 


Piezo-clcctric quartz is used in the under-water depth measurer 
used in studying ocean depths, and in detecting objects below water 
at distances of 5 or 10 km. such, for example, as submarines.* 

These objects have the property of reflecting the sound waves 
so that a certain fraction of the emitted energy is returned to 
the sending station. 

This type of apparatus consists of a quartz oscillator emitting 
supersonic waves, a receiver for detecting the reflected waves, 
and a chronographic device (often an oscillograph) by means of 
which it is possible to measure the time taken by a signal to 
transverse twice the distance to be determined. In practice the 
same quartz condenser acts as an excellent receiver, since the 
reflected waves, being in resonance with the possible elastic 
vibrations of the plates, cause such oscillations, compress the 
quartz and thereby produce differences of electrical potential in 
the condenser. These are then registered by the oscillograph. 

Such apparatus is now of great service to the navies of all 
nations. 


♦ Since the energy is proportional to the area, and it is not possible to use 
large plates in this submarine acoustic work, a number of plates of equal 
thickness are arranged in a plane after the manner of a mosaic. 
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It will be understood that the vibrations of the plates ereate 
enormous pressures in the water on account of the small 
compressibility of liquids ; the displacement of the liquid is very 
slight, but the acceleration is exceedingly great ; the radiation 
pressure is therefore large. Wood has performed some very 
interesting experiments on the effect of supersonic waves on fish 
and on frogs,* and has obtained frequencies up to 500,000. 

Langevin, too, has developed some noteworthy applications of 
piezo-electric quartz. 
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CHAPTER VIII 


RADIOACTIVITY 

Henri Becquerel — Pierre and Marie Curie 

In 1895, Rontgen discovered the X-rays ; on the day when 
the first Rontgen radiographs were presented to the “ Academic 
des Sciences ’’ by Henri Poincare (viz., January 20th, 1896), 
Becquerel asked his illustrious friend from what part of the X-ray 
tube these rays were emitted ; the reply was that the radiation 
was emitted from that part of the glass wall on which the cathode 
rays impinged, H. Becquerel immediately set himself to find 
out whether any bodies besides glass, when rendered fluorescent * 
or phosphorescent not by cathode rays but by exposure to light, 
would emit radiation analogous to X-rays. His choice fell on 
the salts of uranium. Inside a small enclosure consisting of a 
black cardboard box covered with aluminium sheet 2 mm. in 
thickness, he placed a photographic plate with its sensitive side 
uppermost, while above the aluminium he placed several patches 
of a double sulphate of uranium and potassium. 

Thinking that exposure to light was necessary in order to 
produce phosphorescence, he exposed the whole apparatus to 
sunlight ; when the plate was developed it showed dark patches 
similar in shape to the patches of phosphorescent material. 

The great discovery was not yet made ; the sunlight might be 
regarded as having caused the emission of the new rays. The 
sky being overcast for several days, Becquerel, while waiting for 
the sun to reappear, put away his box with the uranium sulphate 
in a drawer ; three days later the sun reappeared, and Becquerel 
was about to expose the plate in its box when it occurred to 

♦ A body is called phosphorescent when the light emitted persists after 
the removal of the cause of the phenomenon ; it is fluorescent when the 
emission ceases simultaneously with the cause. 
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him that an effect might have been produced in the darkness of 
the drawer. He therefore hastened to develop the plate ; it was 
found to be affected, and thus exposure to sunlight was shown 
to be unnecessary ; radioactivity Was discovered. He repeated 
the experiment, using other uranium salts and different times 
of exposure ; he found that the new radiation was emitted in 
every case so that it was evidently a new property belonging to 
the uranium atom, independent of the state of combination 
of this atom ; the emission of the radiation was spontaneous, as 
it took place when any possible external cause was excluded ; it 
seemed to violate the principle of the conservation of energy, for 
at that time there was no reason for supposing that matter might 
itself be a store-house of energy ; the radiation was, actually, a 
form of energy. 

From the beginning of his researches, Beequerel observed one 
of the most important effects of the new rays ; they caused air — 
or any gas — to discharge electrified bodies, a property which had 
already been noticed in the case of Lenard rays and X-rays. 
The first are, as is well known, cathode rays which arc allowed 
to emerge from the tube through a thin window of aluminium 
which replaces the glass in a certain portion of the wall. This 
ionisation effect lends itself to precise measurement, and to-day, 
in one form or another, it is the basis of the method used for 
measuring the intensity of any given radiation. 

Radioactive substances, then, act similarly to Rontgen rays 
in that they cause air and gases in general to lose their insulating 
properties. 

The way in which gases become ionised is well known ; under 
the influence of the rays emitted by radioactive substances, or 
the Lenard rays, X-rays, etc., a certain number of molecules of 
the gas are split into two parts, an electron and a positive particle 
which carries a charge equal in magnitude but opposite in sign 
to that of the electron. The gas, then, contains charged centres 
called ions ; they are capable of moving about within the gas. 

Ions carrying opposite charges combine with each other, but 
when the ionising agent acts continuously, new ions are constantly 
being formed. 
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If the ionising agent is constant, - a state of equilibrium is 
established between the formation of ions and their recombination 
to form neutral molecules, so that the number of ions per unit 
volume remains constant. 

We know already that when an ionised gas passes between 
two electrified plates oppositely charged there is a movement of 
the ions forming a kind of convection current, for each plate 
attracts to itself the ions which are oppositely charged. If the 
ionising agent remains constant while the intensity of the clcctrie 
field between the plates is varied, it is found experimentally that 
the current tends towards a limiting value, the saturation current. 

The reason for this is easily seen. At first, if the intensity of 
the field is small, the ions acquire low velocities and do not all 
reach the plates because the greater number of them recombine ; 
the more intense the field the less will be the recombination, and 
so the current will rise. A time will come when the intensity 
of the field has risen to such an extent that all the ions formed 
in the gas arc collected at the plates ; the current then becomes 
constant. If the field is still further increased, a new effect is 
produced ; the ions acquire velocities which are so great that 
they can themselves, by collision with molecules, produce a 
further ionisation, fresh ions are formed, and these in their turn 
split up other molecules, the current increases rapidly, and finally 
a disruptive discharge takes place and an arc is formed. 

Every electrified body placed in an ionised gas becomes 
discharged, since it attracts to itself those ions which are charged 
oppositely ; this explains the loss of charge by electrified bodies 
placed near a uranium salt, the radiation from which ionises the 
air. H. Becquerel found that by measuring the speed of discharge 
of an electrified body — or still better, the saturation current — ^it 
was possible to compare the activities of the various radioactive 
substances. 

The gold-leaf electroscope is a very familiar piece of apparatus ; 
if the knob is touched with a charged body, the rod becomes 
charged and the leaves separate ; the electroscope retains its 
charge over a long period ; nevertheless, since the air is always 
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slightly ionised and the paraffin insulators are not perfect non- 
conductors, there is a very slow leak ; before the apparatus is 
used, this natural leak fs measured so that it can be allowed for. 
By means of a sensitive elect rosooj)e, H. Becquerel proved that 
the activity of uranium is a property of the atom and is 
independent of the state of chemical combination of the uranium ; 
actually he placed various compounds of uranium having equal 
radiating surfaces at equal distances from the electroscope and 
found that the apparatus was discharged more quickly as the 
uranium content was increased, and that the activity was 
proportional to the amount of uranium present. He proved, 
among other things, that very large variations of temperature, 
from — 190 to + 80° C., did not affect the radiation. It was 
immediately seen from this that radioactivity was a property of 
the atom ; whether the atom is free or in combination, whether 
it is in the liquid, the gaseous or the solid state, the characteristic 
rays of the element arc emitted with an intensity which is 
proportional to the quantity of the element present, and they 
are in no way affected either by the state of combination or by 
the physical condition of the atoms ; a given quantity of radium 
emits the same rays with the same intensity when the radium is 
in the pure metallic state, as it does when the element is in 
combination as sulphate or chloride ; a given quantity of 
emanation (radon) emits the same radiation, both in kind and 
in intensity, whether it be in the gaseous state — its normal 
condition — or whether it be solidified by means of liquid air. 

The radioactivity of substances is equally unaffected by other 
changes in the prevailing conditions. 

In modern laboratories it is possible to subject a sample of 
any material to the most powerful influence, viz., extremely high 
temperatures, cold sufficient to solidify any substance, very strong 
electric and magnetic fields, or intense illumination. All these 
have been tried on a vast scale and over the whole range of 
variation known to man, but in every case the radioactivity has 
shown no perceptible variation and has proved to be unaffected 
by any external influence. 

Following on Becquerel’s discovery, Pierre and Marie Curie, 
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having confirmed the fact that the effect of any given quantity 
of a compound of uranium was strictly proportional to the amount 
of the element which it contained, noticed that the effect due to 
certain minerals and certain ores containing uranium was much 
greater than that proper to the uranium content of the minerals. 
Thinking that there might be some constituent of these ores which 
had the same property as uranium, but to a greater extent, they 
set themselves the task of isolating this substance ; it was an 
arduous piece of work. 

In 1898, after three years of patient labour, polonium was first 
isolated and then radium. 

We shall pass over the details, which are described elsewhere. 

In 1899 Debierne discovered — also in pitchblende, the mineral 
which the Curies had investigated — another radioactive element, 
actinium ; to-day the number of radioactive elements has risen 
to about 40. 

It is not possible for us to recount the story — though it would 
be interesting to do so — of these discoveries which were made in 
the course of a few years, and which had their birth in Paris, in 
small laboratories where the meagre facilities available were vastly 
augmented by the inspirations of genius and by the assiduity of the 
research workers. An atmosphere of romance relieved the 
simplicity, for surrounding Pierre Curie were Langevin, Debierne 
and Perrin. 

In their laboratories, bare of costly apparatus, other men like 
Berthelot, Pasteur and Lippmann had also spent years of arduous 
labour, which had yielded, for the benefit of humanity, a fruitful 
harvest such as had rendered their names immortal. 

Pierre Curie met the tragic end which is known to all ; he was 
run over by an automobile and his head crushed ; but this is not 
the only tragic episode in the history of radioactivity. This epic, 
which recounts the story of a succession of brilliant discoveries, 
such as have had a fundamental effect on physical science, on 
chemistry, and indeed on the trend of all scientific thought, is not 
devoid of dramatic interest, for several brave men who devoted 
themselves to a study of the effects of radium on the human body 
have died only after appalling mutilation ; the new element with 
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the magic name had, from the very day of its first appearance, 
something of the miraculous about it ; its rays passed through 
matter, its reserve of energy seemed inexhaustible ^ it seemed to 
have an influence which might be either curative or fatal. It 
will thus be understood what an impetus was given to research 
in physics, in chemistry and in medicine when radioactivity, in 
1898, opened up a vast field of study to workers throughout the 
whole world. 

The Radiations of Radioactive Bodies 

We shall not give a detailed description of the chemical 
properties of the radioactive bodies, of the historic order of their 
discovery, of the hypotheses put forward and subsequently 
abandoned, and, still less, of the various types of apparatus used ; 
the reader would only be fatigued and there arc dozens of 
specialized treatises which may be consulted by the enthusiast ; 
we shall restrict ourselves to a brief account of the constructive 
theories and their effect on modern physics, the progress of which 
has been so greatly forwarded by the discoveries made in 
radioactivity. 

The rays emitted by the radioactive elements, or by their 
compounds, are of three kinds : the a-rays, which consist of 
charged material particles and are of the same character as the 
canal rays ; the jS-rays, which are electrons shot off at very high 
velocities and arc therefore exactly analogous to cathode rays ; 
these two kinds of radiation are thus corpusctilar^ i.e., they consist 
of a stream of projected particles and therefore what seems to 
be a ray is, in reality, the path traversed by a particle. 

Finally, the y-rays, also emitted by radioactive bodies, are 
electromagnetic vibrations of very high frequency, similar to 
X-rays. 

The various properties of the a-, jS- and y-rays have provided a 
means for determining their exact nature ; if all the radiation 
emitted from a sample of radium be acted upon by a magnetic 
field, the a-rays are deviated in a direction which shows that they 
consist of positively charged particles ; the j8-rays are strongly 
deviated in the opposite direction ; the y-rays are unaffected by 
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the magnetic field. By measuring the deviations produced in a 
magnetic field and in an electric field it is possible, as in the case 
of eathode rays and the positive rays, to determine the velocity 
of the particles composing the a- and j8-rays, as well as the ratio 
(e/m) of the charge carried by these particles to their mass. These 
measurements have shown that the j8-rays are composed of 
electrons having very high velocities, 40 to 80 per cent, of the 
velocity of light ; for a certain radioactive erehTenFTnidium C) 
the velocity attains a value equal to 07 per cent, of that of 
light. 

The a-rays arc the most important; the velocity with which 
they leave the atom emitting them is of the order of 15,000 km. 
per second, according to the nature of the radioactive Tsubstance ^ 
on the other hand the ratio c/m is always half that found for the 
hydrogen ion. 

This remarkable result could be explained by supposing that 
each a-particle carried a single charge, c, and that its mass was 
double that of an atom of hydrogen ; actually, however, this 
particle has a mass 4 and a double charge, /.c., it is an atom of 
helium with two elementary <*harges : Ramsay proved this 
definitely. He enclosed a small quantity of a radioactive 
substance (radium emanation) in a glass tube, the walls of which 
were sufficiently thin to allow the a-particlcs to pass through 
them. This tube was scaled and was enclosed in another larger 
tube, which was evacuated, and which contained electrodes to 
enable a spark to be passed through the tube so that tlu^ contents 
could be examined spectroscopically. The spark discharge 
through whatever gas was produced in the larger tube would 
indicate the nature of this gas, and no more sensitive means of 
analysis could be devised. After two days the spectrum of 
helium appeared, and as time went on it increased in intensity. 

Tliis was a great moment for Ramsay, and an important turning 
point in chemistry and in natural philosophy as well ; it was the 
first time that one element had been formed out of another. 

These experiments proved to demonstration that the a-particlcs 
were helium atoms. 

The a-rays, then, are composed of particlcvS having a mass of 
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^•6 X 10“*® gm., and carrying a charge 2e = 9-55 X 
electrostatic units. 

When a-rays strike any phosphorescent and fluorescent body 
they cause it to emit light ; barium platinocyanide and zinc 
sulphide give a greenish glow. 

The effect produced by these rays on a photographic plate — 
to which their discovery was due — is the result of their power of 
causing chemical action. 

The a-particles emitted by different radioactive substances 
differ only as regards their initial velocity, and the degree of 
variation is relatively slight ; the slowest a-particle is, in fact, 
emitted with a velocity of 1*42 X 10® cm. per second (uranium I) 
while the fastest is emitted from thorium C' with a velocity of 
2-069 X 10® cm. per second. 

The y-rays are — as has been said already — of the same nature 
as X-rays, i.e., they arc electromagnetic vibrations similar to 
light ; but whilst the X-rays have wave-lengths which arc of the 
order of a thousandth part of the wave-lengths in the ultra- 
violet, the y-rays, in their turn, have wave-lengths which are much 
shorter than those of the Rontgen rays. 

The y-rays are only emitted by substances which also give off 
j8-rays and the most penetrating y-rays arc emitted in company 
with the fastest jS-rays. In the same way as the Rontgen rays 
are produced by the sudden stoppage of electrons by an obstacle, 
so the y-rays seem to result from the disturbance caused by the 
sudden expulsion of a j8-electron. Briefly, the y-rays are very 
penetrating X-rays and, like these latter, they are reflected from 
crystals ; they have been studied by different physicists,* using 
a method which we shall meet within Vol. II, Chap. V (the method 
of corpuscular radiation). The wave-lengths of y-rays cover the 
range between 1 Angstrom and 0*005 Angstrom units. 


The a-, /3- and y-rays may be distinguished from each other by 
their penetrating pmaer. The a-rays cannot penetrate more than 
♦ Ellis, M, de Broglie, L. Meitner, Rutherford, Thibaud* 
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a few centimetres of air and do not pass through sheets of metal 
more than 0-1 mm. thick. The more penetrating j8-rays can pass 
through several millimetres of aluminium. The y-rays are the 
most penetrating ; they travel considerable distances in air and 
can pass through iron or lead plates several centimetres in 
thickness ; they are only slightly reduced in intensity by passage 
through the human body. 

The origin of the j8-particles is not as obvious as that of the 
a-particles because electrons, with the same charge and mass, are 
present just as much within the nucleus of the atom as outside it. 
However considerable progress has been made during the last 
few years in our knowledge of this subject. The j8-particles are 
not all emitted with the same velocity from any one kind of atom, 
but tlieir velocities cover a certain range ; for certain radioactive 
elements there arc, in addition to this continuous spectrum of 
velocities, certain characteristic velocities. Consequently, in a 
method to be described later, if the )8-rays, after emission, are 
variously deviated by means of a magnetic field and are allowed 
to fall on a photographic plate, the record consists of characteristic 
lines superposed on a continuous background. 

Very delicate experiments have proved that only one j8-particle 
is given off from each single atom when it breaks down (a 
^-transformation is referred to here).* 

The most important property of these different rays is their 
power of ionizing gases. Gases become conductors when in the 
neighbourhood of a radioactive body and this conductivity, 
measured by means of an electroscope, provides a means for 
determining the intensity of the radiation, and so for measuring 
the radioactive content. The active material is placed between 
two metal plates, one of which is connected to the case of an 
electroscope, the other to the leaves. Under these conditions 
the charge of the electroscope is dissipated at a rate dependent 
on the activity of the material placed between the plates. By 
measuring the rate of discharge, therefore, it is possible to 

* R. W. Gurney, “ The Number of Particles of the )3-ray Spectra of Radium 
B and C,” Proc. Roy, Soc,, A, 109, p. 540, 1925. K. G. Emel^us, “ The 
Number of j8-particles from Radium E,” Proc. Camh. PhiL iSoc., 22, p. 400, 
1924. 



288 


RADIOACTIVITY 


determine the radioactive content of any mg^terial. The method 
is extremely sensitive ; it is possible in this way to detect the 
presence of one 50 millionth of a milligram of radium. 

The Spinthariscope, The spinthariscope, invented by Crookes 
in order to make the a-particles visible, is the most sensitive 
instrument conceivable, and is not the less remarkable on this 
account. 

If anyone had said to the famous physicists who first calculated 
the weight and dimensions of the atom that one day a single atom 
would be observed, just one from among those wliich they had 
found to be present in thousands of millions in a cubic millimetre, 
they would have smiled incredulously. 

This is what the humble instrument known as the spinthariscope 
has made possible ; a needle, the point of which has been plunged 
into a phial which has contained radium, is placed in a small brass 
tube having at the bottom a layer of zinc sulpliidc as detector ; 
at the upper end of the tube is a lens which magnifies the effect 
to be observed. 

The eye secs the scintillations of the zinc sulphide layer ; these 
appear like shooting stars which die out immediately after their 
appearance, and each signalises the arrival of a projected particle, 
in the same way — Perrin remarks — as a rocket is seen although the 
apparatus which fires it may not be visible. 

The scintillations are so numerous all over the field of view 
that it is impossible to count them ; it seems incredible that such 
an incessant bombardment of the screen can be produced by such 
an infinitesimal quantity of radium. The reason is, however, that 
although the mass of the a-particle is extremely small, its velocity 
is so great that the kinetic energy which is dissipated in the 
material of the screen ceases to be very small. 

The a - Particles and Methods of Counting them — 
Determination of their Charge 

It has been said already that the a-rays are the most readily 
absorbed part of the radiation ; they cannot pass through a sheet 
of paper ; the most penetrating those having the highest 
velocities) cease to produce any effect on a photographic plate 
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or any ionizing action after they have passed through 8*6 cm. 
of air at atmospheric pressure. 

Rutherford’s experiments (1903 and onwards) to determine 
ejm were carried out in this way.* In order to obtain a 
homogeneous beam it was necessary to use a very thin film of 
radioactive material, otherwise the })articles emitted from tlic 
internal layers would be slowed down. Rutherford made use of 
a very fine layer of salt (a radium salt) obtained by immersing a 
thread in a dilute solution ; the thread 
was })laeed in a shallow trough. A, 
shown in Fig. 95 ; B was a slit parallel 
to A, while at MM was placed a 
photograj)hic plate ; the whole system 
was contained within an evacuated 
vessc‘l. 

The apparatus was placed l)etwcen 
tlu' two poles of an electro-magnet, 
j^rodueing a field parallel to the thread ; 
first a line was obtained at Ci and then, 
by reversing the field, a second line at 
Cg was produced. The radius of the 
circular path followed by the particles 
could easily be calculated since the path 
was defined by the three points, A B 
(and A B Cg). A similar experiment 
was carried out in an electric field, and 
from the two equations for the respective deviations, the specific 
charge, ^/m, and the velocity v could be obtained, as was shown 
in the case of the cathode rays. 

Rutherford obtained : 

e/m — 5000 e.m.u. per gramme 
velocity v = 20,000 km. per see. 

The production of helium, proved by a direct method, has 
shown without any possible doubt that, as has been said already, 
the mass m of the a-particle is 4 and, therefore, that every particle 
is an atom of helium carrying two elementary charges. We shall 
* E. Rutherford, Phil. Mag., 5, p. 177, 1903. 

C’ASTKLFKANOHI VOL. I. 



10 



290 


RADIOACTIVITY 


explain briefly how it lias also been possible to make a direct 
measurement of the charge of an a-particle. 

It has been stated already that Sir Win. Crookes discovered 
that a minute grain of a radioactive salt, placed close to a screen 
of zinc sulphide, produced a scintillation effect on this screen 
and that this scintillation when viewed under the microscope 
appeared like a constantly changing starry sky. As Crookes 
imagined, (‘ach fleeting star indicated the point of arrival of a 
particle ; by collecting the a-radiation in a metal cylinder 
connected with an electrometer, Rutherford measured the 
positive charge q emitted per second in the form of a-particlcs 
from a measured mass of a polonium preparation ; he then 
determined (as we shall see shortly), by measuring the conductivity 
of the air, the charges + Q and — Q, which arc set free, owing to 
ionisation, by the rays emitted in one second when these are 
totally absorbed by the air, using the same quantity of the same 
polonium preparation as before. 

He obtained Q = 94,000g, a result whicli is independent of 
the quantity of polonium, since both Q and q are proportional 
to this quantity. 

Then Regener, in 1908, thought of using Crookes’ spintharisco])e 
to count the a-particles and to apply Rutherford’s result to the 
determination of the (charge of a single particle. Regener counted 
one by one the scintillations produced in a small diamond by the 
radiation emitted from a preparation of polonium within a very 
small solid angle, and he deduced the total number, n, of particles 
emitted per second ; he also measured the quantity of electricity 
liberated by ionisation in the air, due to the radiation from the 
same quantity of polonium preparation. 

The value of Q/94,000n is, then, the value of the charge of a 
single particle ; this was found to be 3*19 X 10”^® c.m. units, a 
value twice that found by Millikan for the electron. Further, 
since efm = 5,000 it followed that m == 6*3 X 10^ gm., a value 
exactly equal to the mass of the atom of helium, four times that oi 
the atom of hydrogen. 

We give in Fig. 96 a diagram of Regener’s apparatus th( 

♦ E. Regener, Berlin Berichte^ p. 948, 1909. 



COUNTING OL PARTICLES 


291 


detector used for counting may be a plate of zinc sulphide or a 
diamond 0*1 mm. thick. Knowing the distance of the polonium 
preparation from the detector and the area of the latter it is easy 
to deduce from the observed scintillations the total number of 
particles which arc emitted by the sample. 

Another method, due to Rutherford, led to the same result, the 
number of particles being measured in this case by means of an 
electrometer. The basis of this experiment is that the ionisation 



can be multiplied a hundredfold by causing it to take place in an 
intense electric field. 

A tube of 25 cm. diameter, containing a small sphere, the 
surface of which is covered with a thin layer of active material, 
is connected wdth a brass cylinder through a small aperture 
(1^ mm. diameter) in a mica diaphragm (see Fig. 97). This brass 
cylinder is the ionisation chamber and placed axially within it is 
an insulated wire ; this wire is connected with one pair of 
quadrants of an electrometer, while the walls of the cylinder are 
connected to the negative pole of a battery of accumulators, the 
other pole of which is earthed. The active material projects its 
a-particles through the diaphragm and into the ionisation chamber, 

10—2 
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wliere the pressure is from 2 to 5 cm. of mercury ; the distance 
of the active material from the diaphragm is so adjusted in relation 
to the size of the hole that the brass cylinder only ix^ceives three 
or four a-particlcs per minute. 

Every time a particle enters the ionisation chamber the effect 
on the electrometer is recorded photographically ; if, by chance, 
several particles enter simultaneously, th(‘ amount of the deflection 
recorded shows what has happened. 

With this arrangement, from a knowledge of the ])osition of the 
sphere and its superficial area, and of the size of the aperture, it 
is obviously ])ossible to calculate the total number of a-particles 



Fkj. 07.- Counting the a-partieles. Itutherford and Geiger, 1908. 


emitted per second from 1 gm. of radium ; the result found is as 
follows : — 

One gramme of radium emits 1^6 X li)^ oL-particles per second. 

If, then, the total charge, g, which is collected per second in a 
Faraday ice-pail, Ik* measured (tlu* ^-rays being deviated by 
means of a magnetic field), and if q be divided by 1*‘3G X 10^ the 
result is tin? value of the elementary charge ; Rutherford and 
(Jeiger * using this method, found that e — S-1 X 10"^® e.m.u., 
a value which, as has been said already, is double the charge of an 
electron. 

Radium Emanation 

Among the facts which have explained the true nature of 
radioactivity, it is necessary to mention the discovery of radium 
emanation. 

* E. Rutherford and H. Geiger, Proc. Roy. Soc.y 81, p. 162, 1908. 
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If radium bromide be dissolved in water and the solution be 
then evaporated to dryness, it will be found that this process has 
deprived the radium of the greater part of its activity ; the 
j8- and y-rays are entirely absent and the a-rays are reduced to 
one-quarter of their original intensity. If, however, the radium 
be left untouched, it gradually regains, day by day, the activity 
which it has lost and at the end of a month the radioactivity 
has once more the same value as at first. Dissolving the salt 
in water has caused the removal of a substance, actually a gas, 
which diffuses into the surrounding air and makes it radioactive ; 
this gas is radium emanation — called niton or radon to distinguish 
it from the emanations given by thorium and actinium ; this gas 
is intensely radioactive and has a charaeteristic spectrum. 

It is well known that this effect is brought about, not because 
the substance which has lost the emanation rc-absorbs it from 
the air (in the same way as a salt which has lost water regains 
it by absorbing water-vapour from the air), but because a fresh 
supply of emanatioTi is produced by the disintegration of further 
radium ; in fact, it is realised that radioactive transformations 
take place in one direction only ; they cannot be reversed any 
more than can the changes which the human frame undergoes ; 
individuals change and die but cannot return to what they were. 

The emanation which escaped on solution had been imprisoned 
in the salt, that which escapes in a repetition of the experiment is 
a freshly formed supply, and so on. 

Rutherford and Soddy first succeeded (1902) in condensing the 
emanation at —150°; its chemical nature is completely known 
and is similar to that of the inert gases of the atmosphere ; thus 
radon is in the same columi\ as helium in the periodic table ; the 
atomic weight (222) is determined from the velocity with wliich 
radon passes through a very small aperture. 

Of tlie 135 calories, approximately, generated by a gram of 
radium per hour, 100 are due to the emanation. 

Thus an element similar to barium, a solid, and a body with 
marked chemical affinities, gives birth to another element which 
differs from its progenitor as much as two bodies can differ from 
each other ; the first is a metal, while the second is a gas. The 
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significance of this phenomenon is that the transmutation of 
matter occurs spontaneously in nature. 

This is not all, however ; the transformation of radium into 
emanation is actually only the first of a series of suecessivc 
transformations of the same kind ; the gaseous emanation, in 
fact, changes, in its turn, into a third non-gaseous body with a 
short life ; this forms a fourth body called radium B, and so on 
for nine successive transformations. 

We shall deal with this more fully a little later. 

The Number of the Radioactive Elements and their Threefold 
Grouping 

Before the discovery of radioactivity, uranium and thorium 
were already known ; the first radioactive elements to b(* 
discovered on account of their radioactivity were, as has been 
said already, polonium, then radium and then actinium. Later 
on others were gradually separated, to the number of forty. We 
shall not describe either the properties of radium or those of the 
other elements ; in the ease of radium we shall only note that it 
is allied to barium in all its chemical properties ; the atomic 
weight is 226, and in the periodic classification it takes its place 
in the column with the alkaline earth metals. 

The observations on radioactive phenomena taken as a whole 
— and notably the discovery of the emanation — led Rutherford 
and Soddy to a theory of radioactivity which explains all the 
known facts about it and discloses the genealogical relationship 
between the elements. 

This theory states that a radioactive element is undergoing 
continuous transformation and is giving birth to other elements ; 
the transformation does not take place simultaneously in all the 
atoms, but in a given time a certain fraction, and always the 
same fraction, of the atoms not already transformed are involved 
in the change ; some atoms explode, the rest remain unaltered. 

An atom which explodes is a system which, for some reason or 
other, is no longer in a stable arrangement ; after the explosion, 
a rearrangement of the atomic structure into a fresh form takes 
place, and this form, which may be either permanent or temporary. 
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constitutes an atom which is chemically (liffcrc'iit from 
that which has split up. Thus, in exploding, the 
radioactive element shoots off another of mass equal 
to or less than its own, and in addition, it emits a>, j8- 
and y-rays, the energy of which is converted into 
heat. 

The emission of a-rays consists in the violent 
expulsion from the radioactive atom of an atom of 
helium (atomic weight 4) carrying two charges of 
positive electricity. The original atom is necessarily 
charged and the new atom has an atomic weight 
which is 4 units less ; for instance!, the atom of 
radium with atomic weight 226, by expelling an 
a-particle, gives an atom of emanation with atomic 
weight 222, and the equation representing the 
transformation is : 

Radium = Emanation f Helium. 

226 = 222 + 4. 

The emanation emits an a-partiele in its turn, 
and gives an atom of radium A (RaA 218) and so 
on until a stable clement- is reached. 

This is the process by which a radioactive family is 
established, the last member being a stable element ; 
the detailed study of these genetic relationships has 
enabled all the known radioactive elements to be put 
into three groups, the uranium group, the thorium 
group and tlie actinium group ; the first of tlu^se, 
which is the most important, includes radium and 
finishes with lead as the stable end element resulting 
from a scries of successive disintegrations which 
reduce the atomic weight 238 (uranium) to 206 (lead). 
(See Fig. 98.) 



Radioactive Evolution — The Disintegration Law The^ranlum 

The loss of an electron does not cause any family, 
appreciable change of atomic weight ; it will be remembered, in 
fact, that the mass of the electron is only 1/1840 times that of the 
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atom of hydrogen. Nevertheless, the residual atom is quite 
different from the original atom. Thus radium B (RaB — 21 1) 
gives, on the expulsion of a /3-partiele, an atom with the same 
mass but different j)roperties, radium C (RaC =- 214) whi(*h, in its 
turn, emits another j8-partiele and gives a further very different 
element with the same mass, viz., radium C' (RaC' ~ 21 1). 

An atomie explosion — signalised by the expulsion of an a- and 
a j8-partiele — does not take plaee simultaneously throughout the 
whole of the radioaetive material ; out of a million atoms of 
radium (in round numbers), only one is transformed eaeh day ; 
the others remain unaltered and disintegrate one by one on 
sueeessive days. There is, then, no question of a gradual change 
of properties ; as the substanee is being transformed, there always 
remains some unaltered material, but the amount of this beeomes 
gradually less and less. 

The fundamental law whieh governs sueh transformations is 
that the pereentage of atoms whieh are transformed in unit time 
is a constant. 

This is called the transformation constant and is eharaet(‘ristic 
of the element ; it will readily be understood that simple 
arithmetic is insuflieient to solve the problem of finding out 
how many atoms in, say, a million of those in existence at any 
given instant will remain unaltered after the lapse of a certain 
time, the transformation constant being known, of course. The 
insufheieney of arithmetic will be seen from the fact that, although 
it is perfectly true that a constant fraction of the atoms j^resent 
are transformed in each second, yet since the number of 
these atoms is continually decreasing, the number of atoms 
undergoing transformation in unit time is also constantly on 
the decrease ; in short, recourse must be had to the differential 
calculus. 

If dN be the number of atoms transformed in time dt, the 
differential equation expressing the relation may be written 
dN = — ANd^, as this shows that the number of atoms transformed 
is proportional to the quantity of material still unchanged ; A is 
the transformation constant, /.e., the fraction transformed per 
unit time. Integrating the equation just written gives the relation 
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where is the number of atoms unchanged after 
the lapse of time t. 

The same thing may be expressed in terms of weight : 
then represents the weight of the substance which exists after 
the lapse of time t ; Nq is the weight which was present originally. 

In the ease of radium, for instance, A is equal to 1/2500, taking 
the year as the unit of time ; this means that in one year, one 
atom only is transformed out of every 2,500. It is easy to show 
that the average life of an atom, i.^., the length of time for which, 
on the average, any atom in a group selected at a givxn instant 
exists from that instant onwards, is tlie reciprocal of the constant 
A (in the ease of radium, for instance, th(‘ average life is 2,500 
years). In fact, if 6 is this average life for Mq atoms, the sum of 
the lives of all these atoms is and this is given by the integral 

I riff'' ^^dt, which is the sum of all the various times of existence 

Jo 

of all the atoms before they are transformed. 

Equating these two expressions we have 

f 00 

Ong = 1 

Jo 

so that, immediately, 6 = l/X, as stated above. 


Uranium Series 


Atomic 

Nmnl)ci 

I'ilcmciit 

Ilali-valm* IVriotl 

A\(‘ra«c I.ifc. 

Kiitlia- 

tioiis 

Kimtted 

Atomic 

Weight 

02 

Uraiiiuiii I 

4-4 X 10» years. 

0 X 10® years. 

a 

288 

1)0 

I'raniuni Xj . 

24- 0 days. 

85 days. 

i8 

234 

1)1 

Uranium No . 

115 min. 

1*7 min. 

/S 

281 

1)2 

rranium II 

1 X 10*^ years. 

1-5 > 10® yeais. 

a 

281 

1)0 

Ionium . 

80,000 

120,000 

a 

280 

K« 

Uaclium. 

1,580 

2,200 

ot,^, y 

220 

80 

Niton iKnnina- 
tion) . 

8-85 days. 

5-5 days. 

a 

222 

84 

Radium A 

8 05 mins. 

4*4 mills. 

a 

218 

82 

„ R . 

20-8 „ 

:i8 „ 

p 

214 

88 

„ c . 

ll)-5 „ 

28 „ 


214 

84 

„ C‘ . 

10-« sec. 

1-4 X 10-®sec. 

a 

214 

82 

„ O . 

10*5 years. 

24 years. 

P 

210 

88 

„ I-: . 

4-85 days. 

7 days. 

P 

210 

84 

„ F 

(Polonium) . 


200 „ 

a 

210 

82 

Lead . 

— 

— 

— 

206 
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It is to bo noted that this average life is not the same as the 
time, ealled the ''half-value periods'" wliieli ela|)ses befon* any 
given mass of radioaetivt* material is half transformed ; this will 
readily be understood, Tor the same idea oeeurs in the study of 
human mortality ; if we eonsider, for instanee, a thousand 
individuals of the same age, say twenty years old, then at forty- 
five years of ag(' the thousand will be redueed to 500, but this 
does not mean that on the are) age the thousand persons eonsidered 
will live twenty-live years, for sueh an average duration of life is 
really obtained by taking one-thousandth of the sum of all the 
lives enjoyed by the thousand individuals. The two ideas are 
quite different. 

It is easy to show that, for radioaetive substances, tlu* half- 
value period is 0-608/A * ; thus for radium the period is about 
1,600 years. 

The half- value periods of the various radioaetive elemenls 
cover an extraordinarily wide range, being thousands of millions 
of years in the ease of thorium, 8-85 days for radium emanation, 
and only a millionth of a second for radium (!'. 

For radium the transformation constant A can be readily 
calculated, since the number of a-partieles emitted per second 
can be counted. Actually the number of Ra atoms contained in 
a gramme is N/226 — 60-6 X 10^2/226 = 2-68 X 10^^ ; the number 
of particles (*mitted from a gramme per second is 8-72 X 10^^, 
and hence 

8*72 X 10^® 

A for radium = ^ = 1-39 X 10 " “ see. - 

The average life is found by taking the reciprocal of this value, 
and is thus found to be 2,200 years. 

* Experiment shows that Radioactive Transformations 
follow the Law of Probability 

The fundamental law of radioactive transformation can be 
expressed by saying that the probability that an atom will be 

♦ From the relation n = putting n = Jw®, we obtain 

whence T = (log 2)/A = 0-693/A. 
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transformed in an interval of time dt is independent of the time t 
whieh has elapsed, and is equal to 

Xdt ( 1 ) 

where A is a eonstant for each radioactive element. 

This is equivalent to the law generally known as the “ exponential 
law ” of radioactive transformations : 

N = (!') 

whieh gives the number of atoms which still remain unaltered 
after time t, (Nq is the number of atoms which exist at the 
beginning of the period considered.) 

The activity A of the substance is defined as the average number 
of atoms transformed per second, viz., 

A = NA (2) 

If, for example, the transformation occurs with the emission 
of a-])articles, so that each a-particle corresponds to a change of 
one atom, A is also a measure of the average number of a-particles 
emitted per second by the substance. If the substance has a 
short life, it is clear that A decreases rapidly, but if the life is a 
long one, the activity should be found to be the same in successive 
intervals of a second ; actually it is found by experiment that 
the number of a-particles emitted in a second is not always 
equal to A, but varies about a value which is the average of the 
experimental values. 

Wc have thus a problem in fluctuations. 

This agrees with what is to be expected tlie()r(’ti<'ally on 
the basis of the purely statistical treatment of radioactive 
transformations whieh we have just described. 

Actually, if A expresses the probability that an atom will be 
transformed, the law of large numbers shows that the average 
numb(‘r m of atoms affected in time At, supposed small with 
respect to the average life, is 

/Ai = N . A . (3) 

where N is the average number of atoms present in the interval 
At. This, naturally, docs not mean that in time At the number n 
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of the a-particles actually emitted is exactly equal to m, but 
only that m is the average value, the most probable value of n. 

Observations confirm the faet that the number n exhibits 
fluctuations about its a\Trage value rn, and that these fluctuations 
obey statistical laws ; it will be seen, in faet, that this problem 
is analogous to that met with in the theory of errors already 
dealt with in Chap. V, for if, on the average, the number of 
a-particles produced in time At is m, and if 1,000 successive 
determinations be made, there will be found to be diff(‘renees 
from m so distributed that in x eases the values lie between m 
and 1-1 m ; in y eases the values lie between 1-1 m and 1-2 m, 
and so on ; these numbers x^ y, z . . . are functions of 7n and n 
alone. 

The probability that n atoms will l)e transformed in the 
time At is given by the expression 


This is Poisson’s law. In the footnote * on this page will be 
found a brief demonstration of this law. 


* Let us calculate the j)r()bability that n transformations will take place 
in time At, and therefore the ])robability of a dilTerenee (u m) from the 
average value m, always assuming that the average life is long with respect 
to At, so that the number of atoms transformed per second is not decreasing. 
The probability appropriate to an interval of length J//K is m/K. Hence 
the probability of no transformation taking place in this interval AtjK is 
(1 - m/K). Considering in this way n of tlie K intervals, we may say that 
the probability that there will be one a-partiele emitted in each of the n 
intervals, and none in each of other (K — n) intervals, is (by the theorem of 
the combination of probabilities) equal to 


/y/zy*/ m\^ 

Vk; \ " K7 ‘ 

It is possible to select the n intervals in 


K! 


7 , different ways, and 
?i!(K a)! ^ 

so the total probability that n atoms will be transformed in time At is given 
byp« = (gj (l - gj —y- 

If now we pass to the limiting case when K becomes infinite, we readily 
obtain for pn the expression 
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Since the average number m is very great, the relative fluctuations 
are small and wc obtain, instead of (4), the Gaussian law of errors : 

Va = -/— « ~ ( 4 ,) 

V^irm 

where {n — m) now represents the error. 

The fluctuations of radioactive phenomena, exhibited in 
accordance with expressions (4) and (4'), arc called Schweidler’s 
fluctuations. 

Th(‘ mean square value for a difference (n ~ m) is given by 
the ndation 

^ V~E{n ~ = Vm. 

\ 

If, then, th(‘ interval At be doubled so that m is doubled, the 
average difference increases in the ratio \/2, while the relative 

1 1 

mean fluctuatio7i - --- becomes smaller in the ratio — 7^. 

'ffi Vm V2 

Tliere an' various methods of measuring these fluctuations in 
th(‘ number of a-particles emitted, and these may be divided into 
two groups. The first group consists of the so-called integral 
methods of measurement * in which observations are made of 
the (‘mission of a large number of a-particles (e,g,, 20,000 per 
ininut(*) ; in this case, ?/i being large, the expression (T) is found 
to be verified, and the transformation constant A may be 
calculated. 

The second group includes those methods which depend on 
observations of single a-particles and those in which m is small, 
so that Poisson’s expression (4) is verified. We may examine 
one of these methods more closely ; Rutherford and (ieiger in 
1910 observed the scintillations produ(*ed by a-particles which 
struck a fluorescent screen at a comparatively slow rate, and 
they recorded the appearance of each scintillation by making a 
mark on the paper tape of an ordinary chronograph ; on this 
tape marks were' also made at regular intervals of time. On the 
eoiK'lusion of a series of observations the time scale was divided 


* See article by W. Hothe in TIandbuch der Phyfiik^ Vol. XXII., p. 193. 
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into equal intervals (J second) and the number of scintillations 
within each interval was noted. 

From these data the authors constructed a diagram in which 
the axis of abscissae showed the numbers of particles 0, 2, 4, 6, 
8, 10, etc., while the ordinates indicated the numbers of intervals 
in which these various numbers of scintillations wore observed 
to occur ; the curve obtained was precisely that given by Poisson’s 
law (4), so that the prediction of the theory was found to be 
verified experimentally. 


The study of the phenomena of radioactivity has led to this 
important conclusion : the fundamental law expressed in equation 
(1) or (1') is found to be true in every case ; radioactive plienomena 
occur, then, as if the transformations were entirely at randoru. 
This does not mean to say that the law of causation does not 
apply to these phenomena ; such an assertion could not be 
proved. In developing a theory of radioactive' phenomena, in 
fact, we may adopt any hypothesis whatever as to the cause of 
a radioactive transformation, it is only necessary to suppose that 
the individual transformations of the atoms are mutually 
independent, and that in the case of a large number of atoms it 
is possible to apply the law of large numbers and the statistical 
laws of probability. 

This brings about a considerable simplification in the bases of 
the theory, and it is in this sense that radioactive transformations 
may be said to follow probability laws.* 

* Let us take a milligram of radium and observe its transformation. Why 
does one atom suddenly explode and die, why does another atom live for a 
day, another for a week, others for a month, a year, a century ? If atoms 
are all alike, how is it that there are “ healthy ” and “ unhealthy ” ones ? 

At the present time physics is unable to provide an answer to this question. 

However, since every fact is connected with some other, from which it 
results, by the chain of cause and effect, according to our rational line of 
thought (determinism) we are led to think that, in reality, there must be a 
complex universe in every atom, and, by reason of the intervention of causes 
not known to us, the death of an atom is occasioned from time to time. 
Exactly similarly, in considering the incidence of mortality in a city, we cannot 
know which individuals will die on the morrow, but we can know how many^ 
because the mathematics of probability has shown us how we may overcome 
our ignorance, our inability to take account of the extraordinary complication 
of elementary causes. We are here confronted with a practical problem 
which is insoluble, though perhaps not for ever. 
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Determination of Average Life — Radioactive Equilibrium 

The methods used for determining the average life of the 
radioactive elements differ greatly according as the life to be 
measured is short or long. In the former case a simple direct 
observation sufliees ; if, for example, the fall of activity of a 
given quantity <)f radium emanation be measured, it will be 
found that the activity decreases with time according to a 
geometrical progression law (since I == so that the activity 

is halv ed in 3*85 days ; the average life, which is known to be 
(l/O-CD) as great, is therefore 5-57 days. For a body of which 
only a millionth part is trafisformed each year, however, the 
average life cannot be determined by direct observations, and it 
is necessary to have recourse to indirect methods. Let us take, 
for the sake of example, the ease of uranium and that of radium ; 
it is possible to determine the activity of radium compared with 
that of uranium, and, Tneasuring the relative amounts of radiation 
emitted by e({ual (piantities of the two elements, it is found that 
the radioactivity of radium is several million times as great as 
that of uranium ; from this it may be deduced that the average 
life of uranium is several million times as great as that of radium. 

In any series of atomic disintegrations, if the average life of a 
single member of the series be known, the average lives of all the 
others may readily be found. We shall see directly the reason 
for this. 

We have already said, for instance, that radium disintegrates 
and gives the emanation called radon (or niton). If the emanation 
were a non-radioaetive gas, it would accumulate and the quantity 
present in the neighbourhood of a sample of radium would 
constantly increase. This does not happen, however, since the 
emanation disintegrates in its turn and gives rise to a solid 
deposit, radium A, so that after a time the emanation formed by 
a sample of radium contained in a sealed tube, disintegrates at a 
rate equal to that at which it is formed. From that time onward, 
the quantity of emanation present with the radium shows no 
further increase ; equilibrium is stated to have been reached 
between the radium and its emanation, and at the end of a 
certain period of time, equilibrium is established for all the 
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successive products of the disintegration. It can be shown tliat 
when radioactive equilibrium lias been established, the ratios 
^ 2 /^ 1 ? c)f the numbers of atoms present are equal 

to the ratios of the average lives, i.e,, when equilibrium has been 
reached, it may be shown that 

Nj 01 Nj 01 Ni 01* ^ ^ 

If the volume of emanation in equilibrium with a certain mass 
of radium be measured, this gives the ratio Ng/N^ of tlie numbers 
of atoms of radium and of emanation which are pn^sent Avlieii 
equilibrium has been attained ; thus the a\ erage life 0^ of radium, 
which cannot be measured dir(‘etly, is obtained from the value of 
^ 1 , the average life of emanation, which has already been found 
by a direct method. 

It will be useful to explain rather more fully th(‘ nu'aning of 
radioactive equilibrium. 

It will be clear that there must eoine a time when e(|uilibriuni 
is reached between the various elements present (if those (‘lements 
which are formed are not removed as fast as they arc' foniu'd), 
for when the atoms of a first element A give*, on disintegration, 
atoms of a second element H, the rate at which B is formed 
decreases, since the ejuantity of A which is active* is constantly 
decreasing ; hence the amount of li produced e*ajuie)t exec'C'd a 
certain limiting quantity, since the greater the number of atoms 
of li formed, the greater the number which break down ; when 
equilil)rium is reached between the primary elemc'Jit A and the* 
derive d elements li, C, D, the number of the* primary atoms 

whie*h are disintegrating at a e*ertain instant will be* e*qual to 
NjjAj, anel to etc., because these prexluets represent all the 

various numbers of atoms which appear in turn, anel hene*e* 
“ Aj^Nj^ = , etc. Remembering that the* various 

values of A are the transformation constants anel therefore are 
inversely proportional to the periods, as has been explained 
already, the set of equations (1) follows immediately. 

Equations (1) state that at any instant the number of atoms 
present is proportional to the period, or, alternatively, to the 
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avcrapc life ; tlius the very aetive elements exist ouly in extremely 
snuVJ (iiuintities. Those who wish for further evidenee in addition 
to tUit furnished hy the condition of radioactive equilibrium will 
find L demonstration in the lbotnot(‘.* 

If mdiuvi is being destroyed continuously, how can ther' he any 
in eiihtenee now ? Gef)lo^y has shown, in various ways, that the 
(arthhas existed for Imndreds of thousands of centuries ; therefore 
if radium is transformed into helium and emanation, how can any 
radiuii exist to-day on the earth ? The theory of disintegration 
r(‘])lief- to this (jiustion by pointing** to an ek inent, furtlun* back, 
which forms radium continuously and so replae(‘s it as rapidly as it 
disap|K‘ars : this ancestor of ratfium is uranium. This element 
must liav(‘ an (‘xtr(‘m(‘ly slow rat(‘ of disintc oTation so that it may 
have been able to generate radium continuously throughout the 
pcu'iods of tinu' indieat(‘d by /ideological seiene(‘. 

L(‘t IIS consider th(‘ fundamental law of radioactive equilibrium : 

In two successive disintegrations (whether these be (‘onseeutive 
or not is immaterial) of whi(‘h the second is more rapid than the 
iirst, th(* body which is transformed more (juiekly (radium) 
accumulates until tlu* ratio, Ng/N^, between it and the parent body 
reaches a, fixed limiting value which is ecpial to the ratio of the 
average lives. The quantity of radium in uranium minerals must. 


* Let N„ be the number of atoms of the primary substance A which are 
ori/>inallv present. At time t tlie number of atoms present will be N v = 

The rate of production of 13 is equal to the rate ot destruction of the parent 
substance, less the rate of destruction of H itself, so that 


dW 

dt 


AvNa 


AhN,; 


- A, .Nr,. 


This equation gives Ni^ as a function of the time, and, assuming that only 
the substance A was present originally, it is found that 


N,; 


AvNa 

Ah-A 


[1 


A,,/ 


]• 


Now if Av is much smaller than A^, /.e.,if the primary element disintegrates 
much less than the element it gives rise to, the exponential term becomes 
negligible, and the above ex})ressioii reduces to Nji =- NaAa/Ah, as has been 
stated. 
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therefore, reach a fixed proportion of the quantity of the parent 
element ; this ratio is independent of the mineral. Several 
physicists have examined a large number of uranium mini rals ; 
it has always been found that there is the same ratio between tiu* 
quantities of radium and uranium present ; Rutherfo-d and 
Boltwcod in particular have determined the exact valiu* of this 
ratio and have found that, for every gramme of uranium, there is 
present 3-4 X 10“^^ gm. of radium ; this figure, then, giu's the 
ratio of the transformation constants and, therefore, also the ratio 
of the average lives, since this latter ratio is simply the reciprocal 
of the former ; the average life of uranium is thus found to be* 
about 6,000 million years.* Soddy, who measured the rate of 
production of helium from uranium, using a direct method, found 
the same result. 

The Production of Helium — The Heat Liberated 

Helium was not discovered on the earth but in the sun ; it was 
in 1868 that Jansen and Lockyer observed in the spectrum of the 
chromosphere a yellow line which could not be identified with any 
of the lines of the known terrestrial elements. 

It is known that helium is devoid of chemical properties, Le,, 
it has no chemical affinity. The ratio of its specific heats at 
constant pressure and at constant volume indicate that it is a 
monatomic gas ; in 1908 it was liquefied for the first time ; at 
—269° it boils at ordinary pressure. It was also solidified by 
Keesom, in the laboratory of the University of Leyden. 

Precise measurements by Rutherford have shown that 156 cub. 
mm. of helium are formed per annum from 1 gm. of radium ; one 
of the methods of obtaining this figure is to make a direct count 
of the number of a-particlcs emitted in a given timci from a known 
quantity of radium. 

It is, however, not only in the production of helium that radio- 
active substances exhibit a property which is entirely new and 

♦ The followinff are the details of the caleulation : the atomic weiglits of 
uranium and of radium are respectively 238 and 226, so that, in radioactive 
equilibrium, for every n atoms of uranium there are n x 3*4 x lO'’’ X 
(238/226) atoms of radium. The period of radium gives, therefore, the period 
of uranium when divided by 8-6 X 10~’. 
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(listurl)iiig to the classical physics ; there is also the phenomenon 
of heat production which is equivalent to the liberation of 
enormous quantities of energy and which, at first sight, seems to 
be continuous. 

The heat given off in one hour from 1 gm. of radium in 
ecjuilibiium with its short-life products is about 135 calories, and 
this means that radium gives off every hour enough heat to melt a 
quantity of ice greater than its own mass. 

Rutherford (1904) showed that this heat comes almost entirely 
from the conversion into heat of the kinetic energy of the 
a-partieles. Two glass bulbs filled with dry air, were connected 
by a IMube containing a liquid so as to act as a differential 
nianomotcr. A sealed tube of glass containing radium bromide 
was {)laced in one bulb, and the heat produced caused an increase 
of pr(\ssur(‘ in this bulb ; the manometer indicated this effect, and 
the total heat was measured by comparing it with the (readily 
calculable) heat emitted from a coil of wire through which an 
clcctri<' current was passing. Knowing the intensity of the 
current, as indicated by a galvanometer, and the specific resistance 
of the material of the coil, the quantity of heat could be found at 
once. 

Separate* measurements were then made of the heat liberated 
from the radium salt from which the emanation had been removed, 
and of the heat liberated from the emanation so removed. 

The total energy emitted in the complete transformation of a 
gramme of radium into helium and lead can be deduced from a 
measurement of this kind by simple computation ; it is 3*7 X 10® 
calorics, or 1-5 X 10^^ ergs. 

Compared with the energy liberated during chemical reactions, 
the ('iiergies met with in radioactive transformations arc enormous ; 
one of the most exothermic chemical reactions is the combustion 
of hydrogen ; now one cubic centimetre of a mixture of hydrogen 
and oxygi ii, when exi)!oded to form water, liberates only two 
calories ; h(‘nee an equal volume of radium emanation can emit, 
during its whole life, a quantity of energy which is 12 million times 
as great as that given out during the explosion of the mixture of 
hydrogen and oxygen. 
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A single gramme of radium, during the eourse of its 
transformatio?! into helium and lead, gives off as mueh heat as 
the combustion of 500 kg. of coal ! 

The Discovery of Isotopes 

As the radioactive elements were diseovered, the question arose 
as to how they should be placed in the periodic elassifieation, and 
two diflieulties presented themsc^lves. One was due to the fact 
that most of the radioactiv e elements were only obtainable in small 
quantities so that it was not possible to us(‘ ordinary methods for 
determining their chemical properties and so to discover their 
natural places in the classification . The other dillieulty. which 
was of quite a different kind, was that at the time of the discovery 
of radium there were only seven places available in the lower part 
of the table representing the periodic system, while the number 
of elements to be inserted was about thirty. 

The problem was solvTd by the discovery of a totally imforesceii 
fact ; it was found that certain radioactive elements, in spite of 
the fact that they had different atomic weights, had absolutely 
identical chemical properties so that it was impossible to separate 
them by the methods of chemical analysis. Such a eases for 
instance, is that of radium D and lead ; when lead is extracted 
from a mineral containing uranium it shows a certain amount of 
radioactivity due to the small quantity of radium D which it 
contains, this radium D having been formed, as we know, by the 
disintegration of radium emanation. 

All possible means for se|)arating the two elements were tried 
without success, including fractional precipitation, (evaporation, 
and oxidation ; the two elements were found to be identical in 
their chemical properties. 

It was the discovery of a connection between the nature of the 
a-, jS- or y-rays emitted during a radioactive transformation and 
the change of position in the periodic table caused by the 
transformation that solved the problem. Soddy, Hussell and 
Fajans, almost simultaneously and independently of one another, 
enunciated in 1913, the following well-known law: in every 
radioactive tranfiformation in which oL-rays are eniittedy the element 
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is displaced two spaces {columns) in the direction of decreasing 
atomic weights, i.e., the atomic number is diminished by two. This 
number, however, increases by one when ^-rays are emitted. The 
alteration of the atomic number is due to the fact that when 


^rOM/C NUMBERS 
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Fig. 99. — Uranium and its products. 


the nucleus * loses a negative charge, the residual charge is 
increased by one and the atom therefore captures an electron 
which takes its place in the system surrounding the nucleus ; 
consequently the atomic number is increased (see Fig. 90). 


♦ We shall deal with the nucleus more fully in C hap. IX ; it is the 
central part of the atom and has a positive charge which is balanced by the 
electrons surrounding it. 
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It is a simple matter, by means of this “ displacement law,” 
to classify the elements of which it is not possible to establish 
the chemical properties by any direct method ; thus all the 
radioactive elements have found a place in the periodic system, 
some in the positions which were not already occupied, others in 
positions occupied by elements which had long been known 
(bismuth, lead, thorium). In the place occupied by lead, which 
has an atomic weight of 207*2, there fell also radium G (206), 
thorium D (208*4), radium D (210), actinium B (210), thorium B 
(212*4), and radium B (214). 

As long as isotopes were eonfined to the radioactive elements, 
the atomic weights of which could not be determined except by 
calculation and which could only be obtained in very small 
quantities, the importance of this new principle was much 
restricted ; but it was soon directly demonstrated that in the 
case of ordinary elements, too, a difference of atomic weight did 
not necessarily involve a change of properties. It had been 
noticed, from 1905 onwards, that lead was always found in 
uranium minerals, and that the amount was greater in proportion 
to the geological age of the mineral ; the hypothesis was therefore 
put forward that lead was formed by the disintegration of uranium. 
Now radium G, the final term in the uranium series, is formed 
from this element after the successive expulsion of 5 a-partieles, 
and therefore must have an atomic weight of 226 — (5 X 4) == 206 ; 
the atomic weight of lead, however, is 207*2 ; now by the 
displacement law, radium G should occupy the same position as 
ordinary lead ; it was to be expected, then, that the atomic 
weight of the lead contained in uranium minerals would be less 
than that of ordinary lead, and accurate researches carried out 
from 1914 onwards by Madame Curie and other physicists have 
fully justified this expectation. 

The preparation of isotopes in measurable quantities has enabled 
their properties to be minutely compared. Experiments have 
shown that not only the chemical properties but also some of 
the physical properties are absolutely similar ; for instance, it 
has been found impossible to detect the slightest difference 
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between lead and radium G, whether as regards melting-point or 
volatility, magnetic susceptibility, refractive index of solutions 
of the salt, etc. Further, the spectra show no appreciable 
differences.* The only physical properties which can be different 
for different isotopes are those which depend on the atomic mass, 
and the atomic volume ; the velocities of diffusion of two isotopes 
(existing in the gaseous state) through a porous diaphragm should 
be different because this quantity depends on the atomic density. 
This has actually been found to be the case. 

The discovery of the existence of isotopes among the radioactive 
elements caused a revival of the hypothesis, originally proposed 
some twenty years previously by Crookes, that the ordinary 
elements were also composed of mixtures of isotopes, and that 
this explained the variation found among the atomic weights 
which, although not exact multiples of the atomic weight of 
hydrogen, were not very far removed from such multiples ; a 
suitably j^roportioned mixture of atoms having integral atomic 
weights (e.g., 10 and 11) would account for a fractional atomic 
weight such as 10*9. It was, however, necessary to admit that 
if an element was really composed of different atoms, unless they 
always occurred together in exactly the same proportions, small 
fluctuations would be found in the atomic weight, according to 
the particular source from which the element was obtained. 
Very careful researches were carried out on chlorine derived from 
various sources differing both geographically and geologically ; 
iron from meteorites was compared with terrestrial iron, but no 
difference in the atomic weights was detected, within the limits 
of experimental error. This would have caused the idea to be 
abandoned had not J. J. Thomson, just at the time when the 
discovery of isotopes among the radioactive elements had revived 
Crookes’ hypothesis, devised the method of analysis described on 
p. 198, the method of separating isotopes by means of the 
deviation produced by a magnetic and an electric field on a 
narrow beam of canal rays. 

It was in 1918 that Thomson and Aston made their startling 

♦ Except, as will be noted at the end of Chap. II. of Vol. II, when dealing 
with molecular spectra. 
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discovery, separating atmospheric neon (20*20) into two neons 
having the atomic weights 20 and 22. 

If neon was a mixture of two gases it should be possible to 
separate them. Aston undertook the work, but performed 
thousands of fraetional distillations without any result ; six years 
later, however, Aston published the results of his famous researches 
which had been interrupted by the war, and showed that of the 
29 elements studied, 18 had proved to be mixtures. This has 
already been mentioned. 

Various methods ha\'e been devised for the separation of 
isotopes, sueh as evaporation at low pressure, diffusion through 
a porous septum, centrifuging, etc. ; they are all founded on the 
different atomic 'masses of the isotopes, and are very slow and 
laborious ; we ha\'e alrc^ady mentioned that Bronsted and Hcvesy 
have succeeded in the case of mercury in obtaining, by means of 
successive evaporations, two portions having slightly different 
densities. 

These facts necessitated a revision of certain fundamental id(‘as 
in chemistry ; in fact, the principle of an unique relationship 
between the atomic weight and the properties of an element, the 
principle on which Mendelcieff founded the periodic classification, 
was very severely shaken ; actually it was found that elements 
could have different atomic w'eights without their cluMiiieal 
properties being noticeably altered, and, on the other hand, 
elements which were isobares had the same atomic weight but 
showed totally different properties. 

The properties of an element, then, arc not governed by the 
atomic weight, but depend solely on the position occupied by the 
element in the periodic table, and this position, as far as we 
have gone into the subject up to the present, is decidcxl solely 
on the basis of Moseley’s discovery, and less precisely on the 
properties of the element. 

We shall sec, however, in the following chapter, how the atomic 
number of an element actually has a fundamental significance, 
since it corresponds to a basic characteristic of the atomic 
structure. 

The final product of all three transformation series (uranium. 
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actinium and thorium) is an isotope of lead. Consequently both 
in uranium minerals and in thorium minerals, appreciable 
quantities of lead arc accumulated during the passage of the 
centuries, and there is thus a possibility of arriving at some 
(‘stiniate of the age of geological formations by analysing the 
composition of the minerals they eontaiii. From n atoms of 
uranium, the number disintegrating each year is 15n X 
the ratio of the atomic weights is 200 (lcad)/238 (uranium), so 
that a gramme of uranium produces annually 1-8 X 
grammes — 1/(8 X 10'^^) grammes of uranium lead. 

It will be understood, then, how it is possible to obtain the 
approximate age of a mineral by multiplying by 8,000 the 
quantity of uranium lead (in grammes) corresponding to one 
gramme of uranium. For instance, a 10 per cent, lead content 
indicates an age of 800 million years. 

Path of the a-Particles ; Geiger’s Law 

Any given radioactive substance emits a-partieles, all of which 
have the same initial velocity ; this velocity diminishes as the 
j)artieles lose their energy in ionising the gas they pass through, 
and when their veloeity has been reduced to a certain definite 
value, they are no longer able to produce any further ionisation ; 
the region of ionisation is limited to a certain distance called the 
path. Any screen which reduces the velocity also reduces the 
j)ath in the gas by an amount wdiieh depends on the density of 
the sere(‘n and on the atomic weight of the substance of which 
it is eomposc'd. These are Bragg’s conclusions, resulting from 
some elegant experiments. 

In one of these, Bragg took a glass bulb (Fig. 100) 16 cm. in 
diameter, coated internally over the upper hemisphere with zinc 
sulphide which — as is well known — is one of the substances 
which show up the presence of a-particles. 

At the centre of the bulb, Bragg placed a small tube containing 
radium ; when the apparatus was viewed in the dark, as long as 
the bulb was full of air very little luminescence could be detected, 
since the 8 cm. of air were sufficient to stop the a-partieles, while 
the j8- and y-rays from a small quantity of radium only produced 



314 


HADIOACTIVITY 


a very slight effect. When, however, the bulb was conneetecl to 
a vacuum pump, so as to extract the air from it, a bright 
luminescence immediately appeared. 

The velocity of the a-partieles varies from one substance to 
another, as has been said, and the path of a particle in air is 
therefore a characteristic of each radioactive element. It has 
been found, by the use of the scintillation method, that the 
number of the a-particles remains sensibly constant when screens 
are interposed in the path of the rays, so long as these screens 
are of a thickness sufficient to reduce the length of the path (^f 
the particles in air without stopping them altogetlier ; in fact, 

they are not absorbed but merely 
slowed down, so long as the initial 
velocity is sufficiently great ; the 
8-rays, on the other hand, behave (piit(‘ 
differently and suffer a progressive 
absorption within the material. 

In air under ordinary (‘onditions, the 
path of the a-i)articles is from 2*7 to 
11-3 cm. ; in hydrogen, the fastest 
a-particles travel a distance of 24 cm. 
A sheet of aluminium O-OG mm. 
thick completely stops even the 
fastest particles, while the j3-rays pass 
through ar) aluminium jdate several 
millimetres thick. 

The three properties (a) ionising power, (b) photographic; effect 
and (c) production of luminescence, disappear simultaneously 
when the velocity of the a-particles, after they have travelled 
their characteristic length of path, falls below a certain critical 
velocity which is about 6,000 km. per second. 

The ionising power of the a-particles does not, as might be 
thought, increase as their velocity increases ; on the contrary, 
it rises in the final section of the path, z.e., when the velocity 
has fallen and th(*n drops suddenly to zero at the end. The energy 
of a particle is and is comparatively large, owing to the 

high value of v ; for radium C', for instance, this energy amounts 
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to 1-31 X ergs ; v, as has been said already, is about 20,000 
kni. per second.* 

Every a-particle emitted during the course of a given radioactive 
transformation travels exactly the same distanee before it 
disappears and, as Rutherford has shown by direct measurements 
of the magnetic and electric deviations, it is emitted with a 
certain definite velocity. The following are the data for the 
a-partieles given off during the course of the complete 
disintegration of uranium : — 


a-particle. 

Velocity in kin./sec. 

Path in mm. in Air at 
Ordinary Pressures. 

Uranium I 

IIJOO 

25 

Radium 

16,000 

32 

Emanation 

17,400 

40 

Radium C' 

19,200 

66 


This path, which has a characteristic value for each element, 
is also called the range ; the higher the velocity of emission, the 
greater the range of the a-particle ; more precisely, the range in 
any gas is proportional to the cube of the initial velocity v 
(Geiger’s law). 

The same relationship exists between the distance which has 
yet to be traversed by the particle at any given instant and the 
residual velocity at that instant. The range R in air at normal 
pressure and at 0° C. is therefore a characteristic of a radio- 
element, and is given (in centimetres) by 

R = 8-6 X 10-“28 . . (1) 

A simple relationship discovered empirically by Geiger and 


♦ The velocity of the fastest /3-particle is some fifteen times as great as 
this, but the mass is smaller in the ratio of 1 to 7,000. Even allowing for 
the fact that, at a velocity equal to 99-8 per cent, of the velocity of light, the 
mass of the electron must be taken as lOrng, the kinetic energy of even this 
exceedingly fast j3-particle is still much less than that of an a-particle. 
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Nuttall * in 1911 connects the path of the a-particle with the 
half-period of the element emitting it ; it was noticed, in fact, 
that if the logarithms of the ranges R for any given series (e.g., 
radium A, emanation, radium F, ionium, uranium) were plotted 
as abseissic against the logarithms of the corresponding 
transformation constants A as ordinates, then a straight line was 
obtained for each of the three series, so that 

log A = A -f- B log R (2) 

Since, moreover, the three straight lines are parallel, it follows 
that B is a universal constant having the value 58*9 ; the value 
of the constant A is different for each of the three series and for 
the radium series A ~ —87*7. The above value of B, given by 
Hevesy and Paneth, indicates that the transformation constant A 
(dN — — NAd^) varies as the 54th power of the range of the 
a-partiele emitted. 

Equation (2) is not, however, rigorously true ; nevertheless, 
its importance as a link between the different radioactive elements 
can be readily appreciated. 

We shall see in Vol. II, Chap. VIII that the new mechanics has 
provided a basis for a theory of radioactive disintegrations which, 
although it is purely formal, nevertheless explains how it may 
happen that an a-partiele which remains attaehed to a nucleus 
for years and even for centuries may suddenly be expelled without 
any apparent reason. 

In this way a theoretical explanation was found in 1928 for 
Geiger and Nuttall’s important rule. 

The number of pairs of ions, k, produced by an a-partiele in air 
is proportional to the initial kinetic energy, and since the initial 
velocity v is proportional to R^^^, the number of ions varies as 
R2^3 Pqj* radium C' it is found that k = 6*25 X 10^ X R^^^, 
and thus it will be seen that every a-particle produces 220,000 
pairs of ions. The ionising effect of the jS-rays is much less ; 

* H. Geiger and J. M. Nuttall, Phil. Mag., 22, p. 618, 1911, and 28, p. 439, 
1912. R. W. Gurney and E. IJ. Condon have given a theoretical explanation 
of Geiger and Nuttall’s relationship on the basis of wave mechanics (Phys. 
Rev., 33, p. 127, 1929). 
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whi ‘11 the ^-radiation is eoniplctely absorbed in air, eaeii of the 
fastest jiartieles produees about 10, 000 pairs of ions. 


Paths of Certain a-Particles in Air at 760 mm. pressure, 
Initial Velocities and Amount of Ionisation Produced. 



P}it)j 111 cm 

Velocity in 
cm /^oc. 

Number of pairs of Tons 
produced in Air. 


At 0° C. 

AtlT) ('. 



loniulu 

:i02 

8*19 

1 W y 1()9 

I TO >' 1()5 

Kadiiiiii A . 

4-47 

4-72 

10!) > TO® 

T -87 X 10® 

Thorium 

2-75 

2-90 

it;) to® 

i;j7 . 10® 

Thorium V/ 

8*17 

84)2 

200 ; 10® 

2-74 X 10® 


Weight, in mg. per .sq. cm., of Metal Foils Equivalent, in 
Stopping Power for a-Particles, to 1 cm. of Air at 15° G. 



Vtomic Weight. 

Weight of Foil. 

Aluniiniuni . 


27 1 

1*62 mg,/cni^. 

CAipiHU* 


OSG 

2-2G 

Sih'cr . 


107-9 

2-86 

Tin 


118-7 

3-17 

Gold . 


197-2 

;)-9G 


The Path of Each Atomic Projectile may be made Visible — 
Photography of the Trajectories — G. T. R. Wilson. 

liy nuains of tlie scintillation effect we can observe the impact 
of every atom of helium formed out of an a-partiele as it strikes 
a lluoirseent screen ; the path follow’cd by the atom would, 
however, be unknown to us if C. T. R. Wilson had not, by means 
of his wonderful experiments, found a means of causing the 
particle to leave a trail of visible ions behind it. as it travels 
along its path. 

An imperceptible trace of fluoride of radium on the end of a 
thread is placed in a glass vessel containing air saturated with 
watcr-\'apour ; a sudden lowering of the pressure produces 
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supersaturation by cooling ; the 
ions produced by the collisions 
of the a-particles which 
disintegrate the molecules by 
their impacts, become centres 
upon which the water-vapour 
condenses. Each particle leaves 
behind it a trail of ions ; 
immediately after the 
expansions, the glass vessel is 
illuminated by means of a 
lamp and the lines of droplets 
thus made visible are 
photographed (see Fig. 101). 

The expansion chamber has glass walls, and so is transparent. 

The paths are rectilinear and diverge from the particle of 
active material ; they are not absolutely straight lines, but begin 
to exhibit a curvature for the last few millimetres 
before the end, as shown in Fig. 102 ; sometimes 
they show sharply defined spurs.’’ These 
noticeable peculiarities can be interpreted 
completely ; they represent, as we shall see, 
collisions with the nuclei of the atoms encountered. 

We shall return to this point when we are dealing ilii l iiBH 
with the constitution of the atom in the 
following chapter. 

By the same method, Wilson has also made 
the tracks of the electrons forming the j8-rays 
visible ; we may, in fact, say that Wilson’s 
experiment has inaugurated a new era and its 
applications are manifold ; it has now become 
almost a commonplace, and several manufacturers 
make the necessary apparatus. 


i 


The ^-rays, their Velocity and Ionising Power 
The paths of the ^-rays have also been 
studied, and the characteristic employed in Fig. 102. 
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this case is the penetrating power of the rays, expressed in 
terms of thickness of aluminium ; several elements give rays 
which seem to possess not one but various absorption coefficients, 
and therefore it may be concluded that, unlike the a-radiation, 
the ^-radiation is composed of rays of different velocities. 

This fact is shown still more clearly by means of Kovarik’s 
magnetic spectra ; these are based on the deviations which 
electrons of different velocities undergo in a magnetic field. If 
a beam of j8-rays, composed of electrons of several velocities, be 



acted upon by a magnetic field periiendicular to the plane of the 
paper (sec Fig. 103), the beam is dispersed and produces on the 
{)hotographic plate Pj a series of black lines which together 
make up a magnetic spectrum, every line corresponding to one 
emission velocity. As we shall indicate later, this method brings 
out the fact that some of the jS-particles are primary (emitted 
from the nuelcus) while others, on the contrary, are secondary, 
i.e., they are emitted from the external shell of electrons by the 
action of the y-rays. 

The velocities of the electrons measured in this way extend 
from 9-9 x 10® cm. per second to 2*99 x 10^“ cm. per second, 
i.e., from 33 to 99-8 per cent, of the velocity of light. The 
fastest j8-particles were found in the case of radium C. 

By means of an electroscope it is possible to measure the total 
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charge of an clcniciit radiating j8-particles, and hence the unit 
charge is known by calculation from the number of transformations 
taking place per second. 

After wc have described the photoelectric effect (Vol. II, Chap. V), 
we shall be able to exjdain the primary and secondary j8-radiation, 
and we shall then be in a position to describe how it is possible' to 
measure the wave-lengths of they-rays which cannot be measured 
by means of crystals on account of their excessive smallness. 

Radioactive Transformations have provided various Methods 
for finding Avogadro’s Number 

Since it is possible to count the number of a-partieles emitted 
per second from a radioactive body, the number of atoms in tlie 
mass of helium so generated is known, and as this latter (piantity 
may be determined by measuring its volume at a known 
temperature and pressure, it is possible in this way to detc'rmine 
N, i.e., the number of atoms in a gramme-molecule of helium. 

liy Avogadro’s law this number is the sanu‘ for all bodi(‘s. 

The dillieulty in this method lies in collecting the v(‘rv small 
quantities of helium produced, and in excluding other gas(*s. 

Precise measurements, due to Rutherford’s oxperimc'ntal g(‘nius, 
have established the fact that one gramna* of radium giv(‘s I5t) 
cubic mm. of helium per annum ; aft('r allowing for the successive 
disintegrations, it is found that 39 cubic mm. an' due to tlu* 
radium alone. Since the numb(*r of atoms of helium shot off 
per second is 31,000 millions, the number of monatomic moleeuk's 
formed in a year will be 31 X 80100 x 365 x 10®. 

A cubic cm. ofhelium, therefore, contains (31 X 86400 X 305 x 10^)/ 
0-039 atoms, and since the gramme-molecule of every gas occupies 
22,400 C.C., the value of N is found at one(' to be 61 X lO^^. 

Radioactive substances provide two further methods for determining 
Avogadro's iiumber ; in the ease of radium, for example', the 
atomic weight (226) is well known, the number of a-particles 
emitted per second from a gramme is also known to be 34 X 10®, 
and the radioactive constant expressed in terms of the year as 
unit of time has been determined. From this latter figure, taking 
account of the number of seconds in a year, it can easily be 
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calculated that out of N atoms of radium, N X 12 X 10“”^^ 
exjilodc *11 every second. 

Thus the following equation results : 

226 X 34 X 10» = N X 12 X IQ-i^ 
where the left-hand side represents the number of atoms 
transformed in every 226 grams, while the right-hand side 
re])resents the number transformed out of the N atoms constituting 
tlie gramme-molecule — which is the same thing. 

This gives N — 64 X lO^^. 

Finally, another equation can be established between the 
quantity of heat developed and the kinetic energy of the 
a-particles ; this represents, without any appreciable error, the 
total quantity of energy which can be obtained from the radiation ; 
sinec a number of recent measurements have shown that the 
total energy developed by radium is about 135 calories per gramme 
per hour, the equality between the heat developed and the kinetic 
('iiergy of the particles may be written as follows : — * 


135 X 418 X 10^ 
3600 


1 34 X 10»m 

2 N ^ 


where m is the mass of the atom of helium, viz., 4, and 
are the initial velocities of the four a-rays emitted from radium 
and its products in equilibrium. These have been determined 
by Rutherford, and arc as follows : — 


from radium = 16,000 km. /sec. 

from emanation Ug = 17,400 ,, 

from radium A = 16,900 ,, 

from radium C' = 19,200 ,, 


By means of the equation written above, the value of N can 
at once be determined, and is found to have an approximate 
value of 60 X lO^^.j 


♦ The factor 4*18 x 10’ converts calories to ergs. 

t An exact value cannot be obtained since a certain fraction of the energy, 
although not a large one, is due to the jS- and y-rays. More exactly, 90 per 
cent, is due to the a-particlcs, 3-4 per cent, to the jS-rays, 4*7 per cent, to the 
y-rays and 1-8 per cent, to the recoil atoms. These latter are the atoms 
which, on the expulsion of an a- or a j3-particle, experience (according to the 
law of conservation of momentum) an impulse which is equal and opposite to 
that of the particle expelled. 


CAST£LFRANCUI VOL. I. 


11 



322 


RADIOACTIVITY 


Total Energy liberated from Radium— The Internal Energy 
of Matter 

The outstanding and most striking fact of radioactivity is tlic 
continuous emission of energy ; a gramme of radium element 
liberates about 135 gramme calories per hour, or a million 
calories in a year. 

In the total transformation, 3,700 million calorics arc developed ! 
The energy liberated in the disintegration of radium is of the 
order of a million times that given by an equal weight of matter 
in the most violent of chemical reactions ; the combustion of a 
gramme of carbon, for instance, produces only about 8,000 
calories, but in this reaction the carbon combines with 32/12 
grammes of oxygen so that only 2,200 calories arc liberated 
per gramme of matter involved in the reaction. It will be 
seen, therefore, that the energy of radium is more than a million 
times as great as that liberated during the combustion of 
carbon. 

Is it not wonderful to think that in a hundred grammes of 
uranium, a eommon clement which is produced annually in 
scores of tons, there should lie dormant, and awaiting liberation, 
an amount of energy equal to that given by the combustion 
of 40 tons of carbon ? 

This energy would be worth vastly more than the uranium 
itself if man were able to make it available ; unfortunately we 
of this present age are, as regards this problem, in exactly the 
same state as was primitive man with regard to fire at the dawn 
of human existence ; we arc still passive and impotent spectators 
in face of the imposing and mysterious phenomenon of 
radioactivity, and the existence of this colossal reserve of energy 
at nature’s disposal remained unknown and even unsuspected 
until Becquerel’s discovery. 

Why is it that the spontaneous disintegration, which we see 
taking place in the case of some of the heavier elements (in 
which the complex structure of the atom seems to be the cause 
of the transformation), docs not occur equally in the other heavy 
elements such as lead, bismuth, mercury, gold and platinum, for 
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their atoms arc only slightly lighter than those of uranium or 
radiutn, and yet they do not undergo any transformation ? 

From the solely chemical point of view there is such a complete 
[)arallelism between the radioactive and the non-radioactive 
elements that it would not be possible to distinguish the former 
if it wi‘rc not for the fact that they give off energy at a perceptible 
rate, while the latter keep it latent. Radium in particular so 
closely resembles non-radioactive elements (barium, strontium 
and calcium), both in its chemical properties and in its spectrum 
that chemists place it at once in the family of the alkaline earths. 

Our inability to make use of the immense reserves of energy 
stored up within the various radioactive substances arises from 
the fact that we have not succeeded in discovering any controlling 
influence which will hasten the process of emission ; the highest 
temperatures and the most extreme cold, the greatest pressures, 
the most violent chemical reactions, even the action of the 
most intense electrical discharges have no effect whatever on 
radioactivity or on the rate at which transformation takes 
place. Man, as has been said, is reduced to the position of a 
powerless spectator in face of a phenomenon of which he knows 
the effects and the guiding laws, but of which the primary cause 
is hidden from him. 

The complete Spectrum of the Ether Waves 

Now that, besides the X-rays, we have met with the y-rays 
resulting from radioactive disintegrations, we are in a position to 
put together a complete picture of all the vibrations in the ether, 
from the waves used in radiotelegraphy to the extremely 
penetrating radiations having frequencies of the order of 10^®. 

The diagram on p. 324 is by Prof. Quirino Maiorana, the 
celebrated scientist of the University of Bologna. 

To comment fully on this would take too long, and we will 
here restrict ourselves to drawing attention to certain ranges of 
frequency, and particularly to that linking the infra-red radiation 
(studied by Mellioni) to the electromagnetic radiation ; this has 
been the subject of work by several physicists who have explored 
different zones within this region ; that in the neighbourhood of 

11—2 
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10^^ was studied by two Americans, Nichols and Tear (1928). 
The interval which remained to be filled in, between the wave- 
lengths of 1*8 mm. and 0"81 mm., was explored by Madame 
Arcadiewa in 1925, so that there is no longer any gap between 
visible light and the electric waves. 

At the high frequency end, beyond the ultra-violet rays of 
Schumann and Lyman, we find first of all the X-rays with 
comparatively long wave-lengths, and with these Millikan’s name 
is particularly associated. Until 1922 there was still an interval 
between 136 Angstrom and 12 Angstrom units within which no 
radiation had been observed ; Holweek’s researches enabled this 
ga]! to be filled. 

Finally we come, after the vast range covered by the X-rays 
and the y-rays, to the new penetrating radiations studied during 
the last few years, especially by Millikan. These have a frequency 
of about 10^®. 

The complete picture of the ether waves demonstrates the 
existence of a wonderful unity among the various forms of radiant 
energy ; actually, though the variety of the effects apparent to 
man is very great, and though the methods of detecting them 
are various, the nature of all these oscillations is the same, the 
laws which they obey apply to all alike, and there is no 
discontinuity between the waves of radiotelegraphy for which A 
is equal to several hectometres, and Millikan’s ultra-penetrating 
radiation for which A is of the order of 10“^® cm. 

But the human intellect can never be satisfied completely ; 
besides these radiations — considered always to have a vibratory 
origin — in which the characteristic of periodicity seems evident, 
there is another group of radiations of a totally different kind ; 
there are corpuscular radiations, and in this group are placed the 
cathode rays, the canal rays, the a- and the j8-rays ; if these 
latter forms of radiant energy have characteristics in common 
with the others, how can there be a chasm between them so 
that the former must be considered exclusively as an undulatory 
phenomenon while the latter are regarded solely as a stream of 
particles ? 



326 


RADIOACTIVITY 


Are there no phenomena in which Physics finds itself confronted 
with a corpuscular characteristic of the ether waves and, vice versa^ 
with an undulatory characteristic of the corpuscular radiations ? 

These phenomena, as wc shall sec later, do really exist. 

In Vol. II, Chap. VI, we shall find that the Compton effect 
indicates that light has a distinctly corpuscular characteristic, for 
this phenomenon appears to result from the impact, with the 
electrons present in matter, of light partieles containing an amount 
of energy which bears a simple and unique relationship to the 
frequency of the light ; further, in the course of the collisions 
these particles obey the two laws of the conservation of momentum 
and of the conservation of energy, exactly as is the case in a 
collision between elastic spheres. In the photo-electric effect, 
too, and generally in cases where there is reaetion between energy 
and matter, light behaves as if it were composed of “ grains ” to 
which physicists have given the name “ photons.” 

Conversely, in eertain experiments like those of Rupp, Davisson, 
Germer and G. P. Thomson (which we shall meet with in Vol. II, 
Chap. VIII), a stream of material particles (atoms or electrons) 
behaves as if it has certain characteristics appropriate to a wave- 
motion, viz., interference and diffraction similar to that found in the 
case of light. Thus during the last few years the fact that there 
is a close relationship between light and matter has be(;omc more 
and more apparent. 
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CHAPTER IX 


THE ATOMIC NUCLEUS 

A Master of Atomic Physics : Rutherford 

The study of the physical and chemical properties of bodies 
lias brought to light the existence of the atom ; the cathode 
rays have made known the existence of the electron ; the X-rays 
have revealed the complex nature of the atom and shown that 
it is capable of giving spectra, while radioactivity has confirmed 
this idea and has brought us back again to the electron ; 
radioactivity and relativity together, in the transformation of 
one element into another, teach us that matter is a storehouse of 
energy. 

In the electrical discharge through rarefied gases, in the rays 
emitted from the radioactive elements, in the emission from 
incandescent bodies wc have seen the jS-particle leave the matter 
of which it is a constituent ; the positive part of the atom, on 
the other hand, has been met with in the canal rays. Prout’s 
law, the Soddy-Fajans law, the emission of a-particles, isotopes, 
and Moseley’s law have indicated certain ideas as to the 
constitution of matter, but they are as yet purely tentative so 
far as the structure of the atom is concerned ; this structure is 
certainly complex, as was indeed demonstrated long ago by the 
optical spectra of the elements. 

Nevertheless, all that has been explained so far is insufficient 
to indicate the structure of the atom, and it is not yet clear how 
these results can be brought into harmony so as to present us 
with a model structure which will give an interpretation of all 
the facts. 

However, before all that is known to-day had been discovered, 
a giant among physicists, Rutherford of Cambridge, had described 
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a rough plan of the structure of the atom, basing his ideas on 
the passage of a-particles through matter. 

The Passage of a -Particles through Atoms 

C. T. R. Wilson, by means of his famous photographs, gav^c a 
direct proof of the fact that the a-particles, which arc atoms of 
helium shot off at enormous velocities of 15 to 20 thousand 
kilometres per second, do actually pass through the atoms as 
they travel in straight lines through seven centimetres of air at 
atmospheric pressure. These particles ionise such a large number 
of the atoms which they meet in their path that the droplets of 
water formed on the ions produced along the path — and it is 
these that are really photograj)hed — cannot be distinguished 
individually. 

The sudden changes of direction which appear at the end 
of the path, the so-called bends or hooks (see Fig. 102), clearly 
prove that the particles really pass through the atoms instead 
of swerving from them sideways like a cannon ball. Actually, 
when a heavenly body, moving at a very high speed, passes 
through a solar system without striking the central mass, it does 
not depart perceptibly from the straight line path wliich it was 
following when it entered the system, so long as its velocity is 
sufficiently high ; this is for the simple reason that it is wit hin 
the zone where the deflecting force is great for so short a time that 
the path cannot undergo any noticeable deflection ; if, however, 
the velocity is smaller, the deflection becomes considerable, for 
then the integral of the force with respect to the time of action — 
and therefore the corresponding quantity of motion — becomes 
noticeable. 

It is for this reason that when the a-partiele, after having 
passed through several centimetres of air, is slowed down towards 
the end of its journey, it becomes noticeably deflected at an 
angle depending on the circumstances prevailing. During the 
course of its passage through seven centimetres of air, every 
a-particle must pass through 130,000 molecules ; if it did not 
pass through them but only .struck them laterally like a cannon- 
ball, it would necessarily meet with greater resistance the greater 
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its velocity ; now it is found that the facts are exactly contrary 
to this, for the a-particlc produces more ionisation over the latter 
part of its path than over the initial part, showing that it loses 
its energy more quickly when it moves more slowly. Everything 
takes place as if the a-particle actually passed through a miniature 
solar system of which the constituent bodies arc very small in 
comparison with the dimensions of the whole system. 

That the a-particles and the jS-electrons do really pass through 
empty atoms — i.^., systems with wide inter-spaces — is also proved 
by the passage of electrons through solids (glass, aluminium) ; 
if the atoms in these bodies arc contiguous, like piles of grenades, 
or the pebbles in a j^ile of stones, how can it be explained that 
external bodies can pass through the inter-spaces and in any 
direction ? If, however, the structure of the atom itself is open, 
and it is composed of impenetrable parts which are small 
in comparison with the spaces, the matter becomes clear at 
once. 

The sharp bends or hooks which can be seen in the trajectories 
of the a-particles photographed by Wilson’s method, hooks which 
sometimes indicate deviations of 150°, form a certain proof that 
the nucleus of the atom is highly charged with positive electricity, 
and that the negative electrons — which are undoubtedly present 
since they appear in many different forms — are in the outer part 
of the system ; their number is such as to make the atom 
electrically neutral. 

Experiment, then, completely destroys the coneeption of an 
atom which occupies a given volume and which is impenetrable ; 
one atom may pass through another if it possesses sufficient 
kinetic energy ; in the movements due to thermal agitation, the 
kinetic energy is insufficient to bring about such an effect ; these 
are the conditions which correspond to the elastic collision dealt 
with in the kinetics of gases. As we shall see, the dimensions of 
the impenetrable part — the nucleus of the atom — do not exceed 
the ten-thousandth nart of the total diameter of the atom. 

In conclusion, if the very high velocity and the relatively 
large mass of the a-particles be considered, the fact that they 
are deflected or “ scattered ” in passing through thicknesses of 
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solid or gaseous bodies, makes it clear that the field of force in 
action must be one of extremely high intensity. 

For this reason Rutherford was led to imagine that the positive 
charge is concentrated at the centre of the atom in a very small 
space, while the electrons are distributed around this positive 
nucleus in a relatively large space which corresponds to the 
atomic volume. It is clear that t hese .el ectrons cannot be 
stationary, because the nucleus attracts them and they would 
inevitably tall Into it ; if tliey are in motioiiL» .tte_jrholg. atom 

becomes a solar system in 
miniature in which IKe' ^itT Is 
represented by the positivje 
nucleus, while the planets are 
the electrons revolving around it. 

Ki order that an a-particle may 
undergo a large deviation, e.g., 
150° as shown in Wilson’s 
photographs, it must happen 
that it passes very close to the 
nucleus A where the field is 
intense and where, on the other 
hand, the action of the external 
electrons is negligible ; the 
repulsive force, which acts 
inversely as the square of the distance, changes the trajectory 
from a straight line to a hyperbola, and if, as is extremely 
improbable, the collision were really central, the a-partiele would 
be reflected after having reached a certain distance from the 
nucleus. Fig. 105 shows a diagram of trajectories with different 
angles of scattering. 

If we observe a continuous stream of a-particles, in the form 
of a narrow pencil, striking a very thin sheet of gold 2 X 10“ ® cm. 
thick and passing through it, each of these particles will be 
strongly deflected, and the amount of the scattering can be 
observed by means of a fluorescent screen of zinc sulphide which 
is struck by the particles (Fig. 106) ; it is obvious that the large 
deflections are due to the action of a single nucleus which contains 



Fig. 105. 
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a point charge of unknown value Z.e ; it is written in this form 
since, as the reader knows, e is the unit charge, the atom of 
electricity. 

How can this nuclear charge Z.e be determined from the 
number of particles, out of every million, which are scattered 
through a certain measured angle ? We shall sec in the next 
section. 



Rutherford’s Theory of the Scattering of a -Particles in 
passing through Solids 

Let us imagine an atom in which the nucleus carries the charge 
Z.e, and which contains Z electrons disposed about this nucleus 
within the atomic volume and circulating in paths such that they 
are in dynamic equilibrium like a solar system ; the whole is 
electrically neutral. 

We have already seen that the radius of the electron is very 
much smaller than that of the atom ; if the mass is electro- 
magnetic in origin, we are led to think that the nucleus, in which 
the whole mass of the atom is concentrated, is, in its turn, of 
dimensions whieh are mueh smaller than those of the electron ; 
this solar system, then, is composed of a punctiform nucleus and 
of masses which rotate about it at distances which are large 
compared with the size of this nueleus. Under these conditions, 
then, the scattering of the a-particles is to be ascribed to the 
influence of the nucleus alone, the effect of the external electrons 
being negligible, as has been said already ; it ean be supposed, 
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without any appreciable error, that the central charge is the 
only one which produces any effect. 

Let us, then, consider an a-particle moving towards the nucleus 
of an atom, and let M denote its mass and V its velocity ; wc 
know that it carries a charge equal to 2e, There is a charge 
Ze concentrated in the nucleus. 

The particle will stop at a distance I so that the potential 



energy ♦ 2^(Z^//) is equal to the kinetic energy of the particle, viz., 

I MV2, 1 

i.e., ^ MV2 = 2Ze^ll 

whence f I = ^Ze^jMV^ (1) 

♦ It will be remembered that the potential energy of two electric masses 
M, M' at a distance apart equal to I is MM'//. 

t In the case of gold, for example, / is 3 x cm., and for lighter atoms 
this distance is less since the force of repulsion of the nucleus is less, the charge 
Ze which it carries being smaller. 

We are here faced with the paradox that, although the nucleus, in general, 
contains dozens of electrons, its diameter is of the same order as that of a 
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Let us now imagine (Fig. 107) that the a-particle — c*oming from 
infinity in the direction P — is not directed exactly towards the 
centre of the atom at F ; from mechanical considerations we 
know that it will describe an hyperbola. This has as its asymptotes 
PO and P'0, and as its two foci F and F'. If from the focus F 
we drop the perpendicular p, it is easy to prove the following 
relationships between the quantities involved in the problem. 

Let <!> be the angle of scattering and v the velocity of the 
a-particlc at the point A. Then 


p.V FA. V . . 

.... (2) 

1 MV2 = 1 + 2Ze^fFA . 

.... (3) 

cot ^ = 2pll = pMY^j2Ze^ . 

.... (4) 

FA = (2Ze2/MV2) (1 + sec 6) 

. . . . (5) 


The first equation expresses the equality between the moment 
of momentum (pV X mass) and this moment when the particle 
is at A (FA . v X mass), both taken about the point F. 

The seeond equation expressed the equality between the kinetic 
energy at infinity and the sum of the kinetic and potential energies 
possessed by the particle at A. The proof of the last two equations 
is relegated to the footnote * below so as not to interrupt the 
course of the main argument. 

single electron. It is to be noted that neither dimension is well defined in 
the same way as the size of a billiard ball. The size of the nucleus is found 
from the distance to within which the fastest a-particle can approach it without 
deforming it. There is a sudden change in the laiv of force between the body 
used for the test and that which is being measured when the distance between 
them falls below a certain limit, and it is then that the bodies are said to touch. 
The radius of the electron, on the other hand, is calculatrd as that of the 
sphere upon which the charge must be concentrated in order that it may have 
the electromagnetic mass actually observed. 

* From (3), by substituting for Ze^ its value we have 

this gives == FA (FA — 1) (*) 

It is known that, for the hyperbola, 

_ OKl = OT = c = 

Hence FA = c -f a = FO (1 + cos 0) = (p/sin 0)(1 -f cos d) ^ p cot id. 
Substituting this value in (*) and simplifying, we have 

I " 2p tan i<l> 

and, since I ~ ^Ze^lMY^, equation (4) is obtained. Finally, in order to prove 
(5), it is sufficient to eliminate p between the two equations found above ; 
= p cot id I — 2p tan 
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Let us now consider a narrow beam of a-rays which impinges 
upon and passes through a sheet of metal foil placed normally 
to the path of the beam. 

After traversing the metal, the rays strike a screen of zinc 
sulphide, so that the scattered particles may be counted and 
the number reaching a specified part of the screen may thus be 
found. 

The atoms in the metal screen, of thickness must be considered 
as being disposed at random. The probability that Q particles 
pass an atomic nucleus at a distance p from the centre is Qp^nt 
where n is the number of atoms per unit volume, since evidently 
this probability is proportional to the number of particles in the 
beam, to the number of atoms contained in unit volume of the 
metal screen, to the thickness t of this screen, and finally to tlu‘ 
square of p ; this follows from the fact that the area through 
which a particle passes varies as and for a single atom of 
radius R it is From this remark it will be seen that the 

quantity TrQphit is not only proportional to the number of particles 
passing through circular areas of radius but actually gives this 
number. Hence if this distance be changed from p to p dp 
it follows that, out of the Q particles, the number scattered at 
the distance p (and therefore through the aiigle (j>) varices as 

27rQpntdp. 

1 1 

Since V ^ 7%^ o ^ follows that 

« A 

the number of particles scattered at angles lying between 
<f> and <j) d^ 

1 11 

= - irOntl^ cot - (j) cosec® - <f> df. 

It II 

We have now reached the end of this laborious calculation, for 
it is easy, knowing the distance r at which the zinc sulphide 
screen is placed, to determine how many scintillations will be 
visible per unit area in the region situated at an angle <f> from 
the central axis (see Fig. 106). The circular annulus thus defined 
has an area of approximately 27rr® sin ^ ; 
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this is struck by a number of particles equal to 

1 11 

- TrQntP cot - <!> cosec^ - ^ d<f>. 


The ratio Y between this value and that of the annular area 
stated above gives at Once the number of particles j)er unit area, 
i.e., the scintillations which may be observed. 

Remembering that I = 4Ze^jMV^, the value of the ratio Y is 


found to be 


QntZ^e* 

rm^\* sin^ i 4, * 


( 6 ) 


This gives the number of scintillations as a function of known 
quantities and is a formula of the greatest importance ; by its 
means the nuclear charge may be deduced from the scintillations 
observed on the zinc sulphide screen. 

Very delicate experiments on gold and silver foils were carried 
out by Geiger and Marsden in 1918 * to verify this law ; they 
counted the 2 )articles reaching a square millimetre of the screen. 

The first step was to prove — and this was not difficult — that 
Yjt was constant, i.e., that doubling the thickness of the diffusing 
layer doubled the number of scintillations per unit area of the 
screen. Next it was necessary to show that YV* was constant, 
i.e., that halving the velocity of the a-particles by causing them 
to pass through appropriate screens, caused the number of 
scintillations on a given area of the screen to increase sixteen-fold. 
Further, the increase of the value of Y sin* I ^ had to be proved 
constant for various v'alucs of 


Geiger and Marsden’s Measurements — Chadwick’s Work at 
Cambridge 

All the facts just stated were exactly verified within the limits 
of experimental error which, it is true, were rather large on 
account of the difficulties involved in such delicate work. 

If equation (6) represents completely the relation between the 
various quantities involved in the problem, it also provides the 
means for calculating the nuclear charge Ze, if it is possible to 

* H. Geiger and £. Marsden, Phil. Mag., 25, p. 604, 1018. 
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count the total number of particles, Q, reaching the diffusing 
screen as well as the number Y reaching a square millimetre in 
some particular position on the zine sulphide screen ; now the 
extremely large ratio between these numbers Q and Y makes 
the determination a particularly delicate one ; for example, out 
of 8 million particles incident on the metal, only one is counted 
on the zinc sulphide ; this is the order of magnitude of the ratio 
in question. 


Example of Results obtained rvith Silver Foil. 


Effect of Aiij'ie of Scattering. 

Effect of the Velocity of the Particle. 


Y 

Ysin^i<^ 


Y 

YV* 

105 deg. 

47 3 

18-7 

10 

21-7 

25 

60 „ 

320 

20 

1-50 

33-4 

22 

45 „ 

989 

20-2 

2-84 

81 

28 

.•10 „ 

5 200 

23 0 

4-32 

101 

23 


N.B. The figures given for 1/V^ are relative values. Actually V is 
of the order of 2().()0() kin. per seeond. 


Let us put the following values into equation (6) : — 


velocity of a-partieles from radium C : 

distance of screen : 

thickness of gold foil : 

sin (f> when <f> = 45° : 

charge of the electron : 


V = 20,000 km/sec. 
r — 1 cm, 
t = 2X 10-3 
sin <f> = 0’7 
e = 4-77 X 10-i»e.s.tt. 


It is easy to show that for charges Ze of the order of lOOe, the 
dispersion obtained is in the neighbourhood of one particle in 
8 million on a square millimetre of screen. 

These measurements were made by Geiger and Marsden, as 
has been said ; for gold they found that the nuclear charge was 
about half the atomic weight (197). Other accurate and very 
delicate measurements of the same kind were made on silver and 
on aluminimn, and the same conclusion was reached in these 
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cases as for gold. The accurate determination of the nuclear 
charge was repeated in 1920 by Chadwick ; * the values found 
for copper, silver and platinum were respectively : 

29*3 46*3 77*4 

while the positions of these elements in the periodic system are : 

29 47 78 

copper silver platinum. 

Other experiments of Geiger and Marsden on the scattering of 
the a-rays by sheets of platinum, tin and copper led to the same 
result, i,e., that th e nuclear charge is very close to one-half of 
the atomic w eight ; it is clear, however, that it cannot be exactly 
one-half because the atomic weight is often fractional ; there is, 
however, another number close to the atomic weight, and this 
is the atomic numbe r, the number which not only represents — as 
we have seen — the position of an element in the periodic table, 
but must undoubtedly have a fundamental significance connected 
with Moseley’s discovery (p. 229). 

The work of Geiger and Marsden, and other experiments of 
Rutherford on the passage of a-particles through gases inevitably 
led to the conclusion that the a tomic number represented the 
nuclear charge . In 1913, Van den Broeck f had already proposed 
this hypothesis on other grounds, and Laue, too, in his study of 
the diffraction produced by the atoms in crystal structures, had 
been led to the same idea because the scattering power of an 
atom depended on the number of charges it contained, and this 
corresponded exactly with the atomic number. There were also 
other facts in confirmation of this conclusion. 

The displacement law of radioactivity states that the emission, 
i.e., the removal, of a j8-particle (which is negative) moves the 
element resulting from the transformation one place forward, and 
this corresponds to the fact that the two quantities charge and 
atomic number increase by one unit ; the emission of an a-particle, 
on the other hand, causes the element, after disintegration, to 
move two columns back with respect to its parent element, and 

♦ J. Chadwick, Phil. Mag., 40, p. 734, 1920. 

I A. van den Broeck, Phys. Zeits., 14, p. 82, 1913. 
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the expulsion of the a-particle from the atom entails a loss of 
two units in the charge ; these particles are emitted from the 
nucleus. 

There is thus no doubt that t he charge o f the positive nucleus is 
g iven by the atomic number . Since, moreover, the atom is, as a 
whole, electrically neutral, the number of the external negative 
electrons neutralises the charges in the positive nucleus ; there 
is only one in hydrogen, in helium there are two, in lithium 
three, in calcium twenty, in uranium ninety -two. 

* Other Estimates of the number of External Electrons in 
the Atom 

J. J. Thomson in 1906 had reached the same result, i.e., he 
had estimated the number of electrons in an atom and had 
arrived at the conclusion that this number was approximately 
equal to half the atomic weight ; his estimates were derived 
from arguments based on classical electrodynamics, as we shall 
now briefly describe.* 

When X-rays impinge on light atoms, t.e., those with atomic 
w^eights not greater than that of sulphur, the scattered radiation 
is of the same degree of hardness as the incident radiation, and 
its intensity is roughly proportional to the mass of the diffusing 
atom, assuming that equal numbers of atoms are involved in the 
experiment ; for instance, in the case of gases, the intensity of 
the scattered radiation is proportional to the density and is 
independent of the nature of the gas. Because of the very short 
wave-length of the X-rays, the scattering, instead of being brought 
about by the atoms, is caused by the electrons outside the nucleus 
as they vibrate freely under the influence of the variable electric 
force in the wave-front of the primary beam ; these electrons 
thus become centres of emission of the electromagnetic radiation 
which appears in the form of the scattered rays. 

Let us now follow J. J. Thomson and calculate the intensity 
of the scattering, i,e.^ the ratio s between the secondary and 
the primary energies. The electromagnetic theory gives, for 
macroscopic systems, a method of calculating the energy E 

* J. J. Thomson, Phil, Mag,, 11, p. 709, 1900. 
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which is radiated in unit time by an electric charge e subject to 
an acceleration a (see p. 43). 

E = I {e^je^)a\ 

O 


Let us denote by Z the number of electrons outside the nucleus 
of an atom and consider a cubie centimetre containing n atoms 
of radiating matter, the atomic weight of which is P. Since 
there are nZ electrons vibrating freely under the influence of the 
electric force F and the acceleration a is equal to —Fejm, the 
total energy radiated diffusely per cubic centimetre will be 

2 e* 

Scattered energy = - — ^ F^Z, 


But the energy falling on unit area of the radiator is 2 (c/ 877 )F® 
(p. 44), and this multiplied by s is equal to the quantity scattered, 
so that we have : 


c 2 e* 

_ F2 g — 

4ir ' 3 


F®«Z 


and this gives : 





nZ. 


Now if p be the density of the material and Wj^ the mass of 
the atom of hydrogen, p = .n.P where P — atomic wt., so 
that the above equation becomes : 

s 8 tt e* Z Z 

p ~ 3 ■ m^e* ' Pmji ~ ^ p 

putting in the known values of e, m, c and ?%. Barkla (1904) 
measured the value of tlie ratio s/p for various substances by 
comparing the intensity of the beam scattered at various angles 
with the intensity of the primary beam ; for light bodies (air, 
carbon, aluminium) he foimd s/p = 0-2 in every case, and this 
gave ZjP = 0-5. This is how it has been shown that the number 
of the external electrons is half the atomic weight. 

It is to be noted that with the rather soft X-rays used, there 
was no noticeable emission of the characteristic radiation. 
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Thomson’s formula : 


s 


scattered energy 
incident energy 


Stt 

¥• 




. nZ 


indicates that the ratio s is independent of the frequency of the 
X-rays ; this, however, is not confirmed by experiment in the 
case of very low or very high frequencies. 

In the latter case, not only is the scattering coefficient less, but 
in addition to the ordinary simple scattering there is radiation 
present which has a frequency rather less than that of the primary 
beam ; this is the Compton effect, which we shall deal with in 
Vol. II, Chap. VI. 

In the case of very low frequencies the scattering coefficient is 
greater because the atoms themselves act as centres of diffusion ; 
the amplitude of vibration becomes Z times as great, while the 
number of centres is reduced in the ratio 1 to Z, but the energy 
scattered varies as the square of the amplitude, and this explains 
the experimental result. 

The classical treatment therefore fails in this problem of the 
interaction between matter and radiation. 


The Size of the Nucleus 

We know already that the dimensions of the atom are of the 
order of 2 X 10“* cm. ; for hydrogen the molecular diameter is 
2-75 X 10~® ; for helium, 2-18 x 10~® cm. ; and since helium 
and the other rare gases are monatomic, this is the true atomic 
size. 

The electron , which is extremely small, has a ma ss which is 
only 1/1 840 of the m ass of the hydrogen atorn ; for any atom, 
even in the case of the heaviest element such as lead, bismuth or 
uranium, the whole system of external electrons together accounts 
for only a small portion of the total mass which therefore is 
almost entirely concentrated in the nucleus. 

Geiger and Marsden’s experiment showed that the law of 
scattering of the a-particles expressed by equation (6) was 
universally true, even for the largest deflections, viz., 150°. It 
may be concluded, therefore, that these particles which arc very 
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much deflected, describe hyperbolic paths as they approaeh very 
elosely to the nucleus, and that throughout their path — even 
when at their closest to the nueleus — ^thcy are subjected to a 
repulsion which varies inversely as the square of their distance 
away ; this means that they do not touch the nucleus. 

It is, then, possible to calculate, by means of equation (5), a 
value which has already been stated, viz., the least distance from 
the centre of the nucleus which can be attained by these greatly 
deflected particles. 

Actually 

— 2Ze2 
"" MV2 

where M is the mass of the a-particle, which is known to be 
6-6 X 10“** gms., V is the velocity, which in the case of radium C 
is 2*06 X 10® cm./sec., Ze is the nuclear charge, which in the 
case of gold is 79«. 

When 9 = 30°, sec0 = 2. 

On substituting in equation (5) the values just given, it will 
be found that FA = 4 x 10“** cm. It may therefore be concluded 
that, at least down to distances of this order. Coulomb’s law of 
the inverse square still applies. 

The radius of the atomic nucleus of gold is thus certainly less 
than 4 X 10“** cm., and is therefore at most one ten-thousandth 
part of the radius of the atom. 

There is, however, another line of reasoning, based on radio- 
activity, which gives a similar value for the dimensions of the 
nucleus of a heavy atom. 

The a-particlc, as it leaves the nucleus, acquires its final velocity 
as it passes through the surrounding field of repulsive force ; in 
order to obtain a lower limit, let us consider the «-particle expelled 
from uranium, as this is the slowest of all the a-particles shot 
off by the various nuclei ; if the kinetic energy acquired by the 
particle be equated to the potential of the electrostatic field, it 
will be found that the radius of the uranium nucleus is of the 
order of 6 X 10“** cm. 
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Let us now come to the hydrogen nucleus. Rutherford, as we 
shall see presently, has carried out some marvellous experiments 
by means of which he has studied the effect of the collisions of 
a-particles emitted by radium and shot into a gas, e.g.^ hydrogen, 
and has been able to show that this results in propelling the 
hydrogen nuclei forward so that they produce scintillations on a 
fluorescent screen of zinc sulphide. The velocity acquired by 
the nucleus clearly depends on its mass and on the minimum 
distance of approach of the a-particle, which has acted on the 
nucleus and repelled it ; now the velocity acquired by the nucleus 
can be found from the distance which it can travel in air as 
compared with the distance which an a-particle of known velocity 
can travel in air under the same conditions. 

It was found by Rutherford * that, for direct collisions, the 
hydrogen nucleus acquired a velocity 1*6 times as great as that 
of the a-particlc which set it in motion ; from a knowledge of 
the electric charges involved it was found that the centres repelling 
each other must have approached to within a distance of 
1*7 X cm. and this, therefore, is the sum of the radii. 

Now the atom of helium forming the a-particlc contains two 
electrons, and hence its radius must be at least as great as that 
of an electron (1*8 X 10“^^ cm.). It is to be concluded that the 
radius of the positive nucleus must be so small as to be negligible 
compared with the radius of an electron. 

We arc here again faced with a problem which can be solved 
by assuming that every mass is electromagnetic in origin ; 
actually the charges of the electron and of the hydrogen nucleus 
are equal, and yet the mass of the nucleus is 1,840 times as great 
as that of the electron. 

Since the mass m is connected with the radius and with the 
charge (for spherical particles carrying surface charges) by the 
relation m = 2e^lSa it will at once be seen that the radius of the 
electron is 1,840 times as great as that of the hydrogen nucleus ; 
the latter will thus be of the order of 10"”^® cm. 

These arc dimensions which the human mind cannot imagine. 

♦ E. Rutherford, Phil. Mag., 37, pp. 587, 562, 571 and 581, 1919. C. G. 
Darwin, Phil. Mag., 41, p. 486, 1921. 
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The nucleus of hydrogen — ^which has been given the name proton 
— is the smallest particle which enters into the constitution of 
matter ; its mass is practically equal, as has been said already, 
to the mass of the atom which it forms. 

The Nucleus and the surrounding Electrons 

The nuclear charge does not simply represent the number of 
elementary positive charges contained within the nucleus ; the 
emission of )8-rays in radioactiv'^e transformations is proof to 
demonstration that negative electrons are also included in the 
composition of the nucleus and, further, it will be understood 
immediately — in spite of the fact that wc know very little of 
the nuclear structure — that some electrons are necessary in order 
to attain stability. 

It is easy to calculate the number of charges contained in the 
nucleus of any given atom. 

The rounded-up atomic weight, P, is equal to the number of 
protons in the nucleus and so represents its positive charge ; the 
atomic number Z, on the other hand, represents the number of 
external electrons ; it can be seen at once that since the atom is 
an electrically neutral system, the nucleus contains, besides the 
protons, a number of electrons sufficient to reduce its apparent 
charge from P to Z. 

For example, potassium has an atomic weight (39*10) and an 
atomic number (19). This means that there arc 20 electrons in 
the nucleus (39 — 20 = 19). On going through the table of 
elements, it will be seen that the ratio ZjP is approximately 2 
for the elements of low atomic weight, i.e., those which occur 
early in the periodic system : 

nitrogen = 14/7 oxygen = 16/8 sodium = 23/11 

silicon = 28*06/14 chlorine = 35*46/17. 

This ratio increases continuously as the atomic weight increases, 
e.g., chromium 52/24, zinc 65*38/30, tin 118*7/50, barium 137*37/56, 
tungsten 184*4/74, uranium 238*2/92. 

It will be clear that this increase expresses the fact that a 
continually larger number of external electrons is necessary in 
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order to give stability. It follows that all the physical and 
chemical properties of an element are determined by the nuclear 
charge. 

Finally it will be seen that the atomic number has a fundamental 
significance in that it defines the nuclear charge. 

The existence of isobares and of isotopes is completely explained 
by Rutherford’s conception of the atom ; two atoms may differ 
as regards the number of external and nuclear electrons they 
contain, although they have the same weight {i.e., are isobares) 
owing to the fact that they contain equal numbers of protons. 
This is the case, for instance, with radium B, radium C and 
radium C'. These three bodies have each the atomic weight 214 
although their atomic numbers are respectively 82, 83 and 84. 

The existence of isotopes is explained equally clearly, since it 
is easy to imagine two atoms with different atomic weights but 
with equal numbers of external electrons, the factor upon which 
depend, as has been said, the ehemical properties of the elements. 
Such a pair of elements will therefore be identical to all intents 
and purposes. For example, if chlorine has the two isotopes 35 
and 37, and if its atomic number is 17, the first of the two isotopes 
will have 35 protons in the nucleus and 18 electrons, while the 
second isotope will have a nucleus consisting of 37 protons and 
20 electrons ; it is clear, however, that the identity of the two 
isotopes must not be extended to include properties which depend 
on the constitution of the nucleus. It will be understood that 
these twin elements have not the same stability ; in fact they 
are known to differ in this respect, the radioactive elements of a 
single series being distinguished from one another by their 
disintegration constants and sometimes also by the nature of the 
rays emitted. 

By means of an electric discharge, or by the action of X-rays 
or by ultra-violet light, it is possible to cause one of the external 
electrons to leave an atom ; this does not alter the atom 
fundamentally ; the emission of an electron from the nucleus, 
however, corresponds to a real transformation ; the nucleus 
readjusts itself, but a new element is formed ; the phenomenon 
is essentially different, and the amount of energy liberated in 
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such transformations — i.e., the radioactive transformations — is 
evidence of this. 

It is the nucleus which gives the atom its individuality ; we 
know that the a-particlc, an atom shot off with two electrons 
missing, easily picks up free electrons, attaches them to itself 
and becomes a helium atom. 

There is a vast gap between a radioactive change — which 
results in the emission of j8-rays from the nucleus — and the 
emission of electrons under the inlluenee of an external agent 
such as liglit or heat ; in spite of the aj)parent similarity, the 
former phenomenon is fundamental while the latter is, in a sense, 
secondary. 

The various Atoms contain a -Particles 

The emission of a-partieles by radioactive substances shows 
that they, like the jS-partieles, arc a constituent of matter, and 
perhaps exist in the nucleus before emission ; moreover, it is not 
only in tlie radioactive substances that they seem to occur as 
constituent parts, because it has already been shown that in the 
upper part of the periodic tabic the atomic weights in the even 
columns are frequently multiples of 4 (oxygen 16, magnesium 24, 
sulphur 32, calcium 40, chromium 52), while in the odd columns 
the atomic weights arc most frequently represented by tlie formula 
Ui + *3 where n is an integer (lithium 7, boron 11, fluorine 10, 
j)otassium 30), and sometimes by 4n + 2. 

Speaking more generally, it may be said that a difference of 
t between the atomic weights is particularly frequent. 

It is ditflcult to ascribe these facts to pure chance, and since 
4 is just the weight of the a-particlc, it would seem that this 
must really behave as a unit in the atomic structure. 

It has been noticed that there is a striking difference between 
these two series of elements (those with even numbers and those 
with odd numbers) as regards the plentifulness with which they 
occur on the earth, and this difference has been the subject of 
scientific study.* 

* This difference is one of the so-called Rules of Harkins. See Proc, Nat, 
Acad, of Sciences, Washington, 1, p. 276, 1915, and Zeits.f, Physik, 50, p. 97, 
1928. 
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The even-numbered elements together form about 90 per cent, 
of the earth’s erust ; the rare-earth metals, on the other hand, 
and the radioaetive elements whieh, like them, only exist in very 
small quantities, belong to the odd-numbered series, and so do 
the elements, which have not yet been diseovered. It would 
seem, therefore, that the great stability of the even-numbered 
elements (oxygen 16, silicon 28, ealeium 40, sulphur 32) must 
be attributed to the simplicity of their nuclei ; they are nothing 
but aggregates of helium atoms. In the formation of a helium 
atom by the combination of 1 atoms of hydrogen, the atomic 
weight of whieh is 1-008, there is, as we know, a loss of mass 
equal to 0-008 X 4 = 32 thousandths, corresponding to an energy 
of 0-032 X where c is the velocity of light. 

In the formation of a gramme-atom of helium, then, there would 
be the liberation of 6,000 million great calories. The formation 
of any atom may be thought of as taking place in two stages : 
the first consists of the formation of atoms of helium, and in the 
second stage these join together to form a nucleus of the type 4n 
or attach to themselves a number of protons so as to form nuclei 
of the types (In -f II 2 ) or ( In + H 3 ). 

Further, if it is in the first of these two stages that such large 
quantities of energy are liberated, far in excess of the amount 
set free in the second stage of the synthesis, it will be easily seen 
why the nuclei — and therefore also the atoms — of all the elements 
show a loss of mass which is approximately a constant proportion 
of the whole, viz., eight thousandths. 

In radioactive transformations, the loss of mass is generally 
not very different from this same value, but the emission of 
a-particles is of less importance as regards loss of energy, and 
therefore also as regards the corresponding reduction of mass. 

For instance, the a-particlc of radium is emitted with a velocity 
of 14,700 km. /sec. This gives : 

kinetic energy JE = \ mV^ = \ m {WjcYc^ 

= i . 4 . (V/c)V == 0-0047 

and since the loss of mass Am is given by AEijc^ it will be seen 
that for every gramme of element transformed, 4*7 mg. is lost, 
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while in the synthesis of helium the loss is 32 mg. per gramme. 
The loss of mass by the emission of an a-particle is therefore only 
one-seventh as much. 

From all the foregoing it will be clear that Rutherford’s atom 
accounts quite satisfactorily for the properties possessed by 
radioactive substances, for the phenomena inherent in X-rays, 
for the existence of isotopes and isobares, and for the scattering 
of a-partieles in passing through matter ; Rutherford’s model 
gives us a picture of the profound difference which exists between 
chemical changes and the transmutation of the elements, and it 
enables us to realise the fundamental part played by the atomic 
number, or what is the same, thing, the nuclear charge, in all the 
properties of the different atoms. The reader is put in a position 
to understand the real basis of Mendeleieff’s system, and all the 
material so far presented is brought together in one harmonious 
picture by this conception due to Rutherford. 

A great step forward has thus been taken as regards our 
knowledge of the atomic structure ; it is now established that 
the atom contains a nucleus of extraordinarily small diniensions 
in which practically the whole of the mass is concentrated, that 
the charge of the nucleus is Z x c where Z is the position number 
of the element and e the charge of the electron ; it is practically 
certain that the hydrogen nucleus is the unit of mass and, at the 
same time, the long-sought positive electron ; the nucleus is seen 
to be surrounded with electrons situated at large distances from 
the centre in separate rings or zones and equal in number to the 
so-called atomic number. 

On the other hand, the arrangement and the motions of these 
electrons are not dealt with by Rutherford’s theory, and there 
is therefore still a further step to be taken. To Bohr, the scientist 
of Copenhagen whose theory won for him the Nobel prize, is due 
the credit of taking this further step, although his original theory 
has been modified by subsequent research ; he has opened up to 
physics new vistas, and his ideas now form the basis of a 
considerable part of physical science ; the picture of the atom 
which he proposed is known as “ Bohr’s atom,” and we shall 
consider it in detail in Vol. II, Chap. II. It is true that Bohr’s ideas 
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have had to be revised during the last few years, but a great 
part of them remains ; later theories are modified, and die ; 
mueh of Bohr’s theory still survives. 

The Artificial Disintegration of the Elements (1919-1923) 

Rutherford’s model, in whieh the atom is an aggregation of 
charges surrounded with swiftly moving electrons, immediately 
suggested the possibility of bringing about chemical transmutation, 
such as the production of gold ; one method was to cause the 
expulsion of an a-partiele and a j8-particle from an atom of 
mercury. 

The discovery of the cathode rays and, still more, that of 
the radiation of extremely high energy content emitted from 
radioactive substances which shot off particles having a speed 
of 20,000 km./scc., naturally revived the hope that by such 
powerful means it would be possible to disintegrate the atoms 
of the elements. 

The well-known English chemist, William Ramsay, had already 
in 1908 tried to produce such transmutations artificially, but we 
cannot pause to describe his experiments which arc, in fact, 
well known, and the results of which have since been rendered 
doubtful by the criticisms of scientists who have considered them 
to be illusory. 

Experimental chemistry, after a century of work, had shown 
that it was impossible to break down the atoms of the elements 
by using ordinary physical or chemical methods. This idea has 
been somewhat modified during the last twenty years or more as 
a result of the rapid increase in our knowledge of the constitution 
of the atomic nucleus ; the electrons occupy but do not fill a 
space having a diameter of 10~® cm. 

In this representation of the atom, the ordinary physical and 
chemical properties (mass excepted) depend entirely, as we have 
seen, on the nuclear charge, since it is this that determines the 
number and disposition of the external electrons on which these 
properties depend. 

In order to effect a permanent change, it would seem to be 
necessary to break down the nucleus itself ; when a unit of the 
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nuclear charge is removed, the nucleus undergoes a profound 
alteration and the atom suffers a transmutation. 

The discovery of the instability of the radioactive elements 
was the first blow to the ingrained idea of the immutability of 
the elements ; radioactivity — by virtue of which an atom, in 
disintegrating, forms two different elements — is entirely confined 
to the heavier elements, and it must be recognised that the fact 
that the number and the velocity of emission of the a- and 
j8-particles shot off during the change arc not affected by the 
most powerful chemical or physical agents available to man is a 
proof that wc are here dealing with a property which is bound 
up with the instability of the complex nuclei of uranium and 
thorium, and the elements which are formed from them. 

Now radioactivity has not only provided the key to the problem 
of the structure of the elements, but thanks to the very fast 
a- and ^-jmrticles, it has supplied a means for examining the 
internal constitution of the atom ; by bombarding various bodies 
— elementary or compound — with a-particles, Rutherford has, in 
fact, succeeded in splitting up atoms with the consequent 
production of protons, i.e., hydrogen. 

Before describing these wonderful experiments we may remark 
that what is known to-day concerning the constitution of the 
atom enables us to understand better than formerly why it is so 
difficult to decompose it ; the resistance it offers to the most 
powerfid agents api)lied to disintegrate it is not only due to the 
stability of the nucleus, but also to its extreme smallness, in 
virtue of which it is rendered almost immune from attack ; 
actually, as we saw when considering the experiments on the 
deflection of a-partieles in passing through matter, the diameter 
of the nucleus of the heavy atoms is of order of 4 X 10 “ 
i.e., 1/5000 of the diameter of the atom ; the size of the nucleus 
of the lighter atoms must .undoubtedly be still less. 

If it were not for this, the available a-particles, representing 
as they do a highly concentrated form of energy, would be able 
to decompose the elements in more readily appreciable quantities. 

These a-particles travel 20,000 times as fast as a rifle bullet 
and contain, mass for mass, 400 million times as much kinetic 
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energy ; nevertheless, such a particle, in passing among thousands 
of atoms, has only a very small chance of striking one ; further, 
when a collision takes place, its violence is reduced by the repulsive 
action of the electric field. As regards this latter consideration 
it will be understood that there is more chance of a successful 
disintegration in the case of a light atom, since the force of 
repulsion is much smaller in this case. 

By subjecting matter to bombardment by the fastest a-particlcs 
emitted from radium C, Rutherford succeeded for the first time 
in observing an undoubted decomposition of a chemical clement 
by artificial means. 

We must first of all say something about the collisions of 
a-particles with the hydrogen nucleus. We referred to this some 
pages back when dealing with the dimensions of the nuclei. 

When an a-partiele, shot into hydrogen gas, meets a hydrogen 
nucleus, it must impart to this nucleus a velocity which is 1*6 
times as great as its own, as will be clear from the following 
simple calculation. If an elastic sphere of mass having a 
velocity Vi meets another perfectly elastic sphere of mass in 2 and 
velocity V 2 , the velocities of the two spheres after the collision 
are given by the simple formula applicable to the theory of 
collisions between elastic spheres. Thus 

^ _ {nil — ^2)^1 + 2 ^^2^2 
^ ” mi + 7712 

^ (m 2 — mi)v2 + 2 miVi 

2 ““ mi + mg 

In the ease under consideration, the a- particle has a mass 
which is equal to 4 /^ 1 , because it is four times as great as the 
mass of the hydrogen nucleus ; further, the nucleus struck is 
stationary at the moment of collision, so that Vi — 0 . Putting 
these values in the above expressions we find ; 

Velocity acquired by the nucleus = l- 6 i; 2 . 

„ of the particle after collision = O’Gyg. 

The proton, therefore, is impelled with a velocity which is 
1-6 times as great as that of the atom of helium which strikes it. 

Now if it be assumed that the range of the hydrogen nucleus— 
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in relation to its initial velocity — ^follows the same law as that 
found in the case of a-particles (range increases as the cube of 
the velocity), it is to be expected that the nuclei which arc set 
in motion will not be brought to rest until they have traversed 
a path which is four times as long as that of the a-particles 
themselves (since 4 is the cube of 1*6). This prediction has been 
verified.* 

We must mention here that, aecording to current practice, the 
penetrating powers of the i)artieles are expressed by stating their 
range in air at atmospheric pressure, although in the experiments 
the absorbing material, ix., the matter in which the particles 
move, is generally some other gas or even a sheet of metal or of 
mica ; since the absorbing powers of such materials relative to 
air are known, everything is expressed in centimetres of air ; for 
instance, radium C emits a-partieles or, if it be preferred, 
corpuscular radiation, having a range of 7 cm. in air, and after 
traversing this distance the particles are stopped. 

Rutherford’s Experiment on Artificial Atomic Disintegration 

The disintegration produced by a-partieles was detected in the 
following way. The apparatus used by Rutherford for his earlier 
experiments was quite simple (sec Fig. 108) ; it consisted of a 
small brass box (18 X 6 X 2 cm.) provided with taps so that 
the gas under examination could be caused to pass through it ; 
at one end of the tube was a hole covered with a thin sheet of 
silver, S, sufficient in itself to stop the a-particles and acting as 
a layer of air 4 to 6 cm. thick ; at the other end was a sheet of 
glass, C. 

The detecting screen of zinc sulphide was fixed outside at a 
distance of 1-5 mm. from S, thus leaving a space in which mica 
absorbing screens could be inserted. The radioactive source was 
placed inside the tube on a support the distance of which from 
the zinc sulphide screen could be varied. In order to reduce the 

* Marsden in 1914 projected a-particles from radium C into hydrogen gas 
in which they had a range of 24 cm. He observed scintillations produced 
by II rays on a screen at a distance of 80 cm. The conclusion he drew at 
that time was that these scintillations were not due to X-rays, but to other 
rays produced by them. 
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luminosity due to the j3-rays also emitted from the source 
(radium C), the whole apparatus was placed in a strong magnetic 
field which deflected the jS-clectrons to the side. 

Let us suppose that the absorbing materials inserted between 
the source and the screen correspond to 20 cm. of air ; when an 
atmosphere of hydrogen is admitted to the tube, numerous 
scintillations are observed even when the screen is removed to a 
distance equal to as much as 29 cm. of air. A study of the 
deflections which these penetrating particles undergo in a magnetic 


TUBE 



Fig. 108. — M, Microscope. C, Glass plate. S, Thin silver plate. F, Zinc 
sulphide screen. B, Rotating stand for moving the siii)port T. 1), Radio- 
active substance emitting a particles. 

field (producing, as they do, brief flashes of light on the zinc 
sulphide screen) shows that they carry a unit charge of positive 
electricity, and that their mass is equal to that of the hydrogen 
atom ; they are therefore atomic nuclei of this element. Particles 
of identically the same kind are emitted when the rays pass 
through a film of a compound containing hydrogen {e.g., paraffin), 
and it is clear that the fact that the hydrogen is in chemical 
combination has no appreciable effect ; Rutherford anticipated 
this result, because the energy necessary to set the hydrogen 
nuclei in rapid motion is enormous when compared with the 
small amounts of energy involved in chemical reactions. The 
important conclusion which he drew was that, using particles 
with a range of 7 cm., no proton emitted frorn hydrogen, whether 
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free or in chemical combination, could be detected if the absorption 
exceeded 30 cm. of air. 

When oxygen was introduced into the apparatus no scintillations 
were visible with an absorption of 30 cm. of air. 

When air was substituted for oxygen, Rutherford observed the 
unexpected and extraordinary phenomenon of the appearaiiee of 
a vast number of scintillations, and by adding sheets of mica he 
found that these disappeared only when, by adding screens, he 
raised the absorption to 40 cm. of air ; thus these very penetrating 



Fig. 109. — Rutherford’s apparatus for detecting long-range protons. 

particles emitted from the nitrogen had a much longer range 
than the hydrogen atoms themselves when bombarded with the 
same a-rays ; Rutherford’s measurements showed that the ratio 
of the charge to the mass, deduced from deflections in a magnetic 
field, was exactly that appropriate to an atom of hydrogen 
carrying one positive charge ; * these particles, therefore, were 

♦ That the long-range particles obtained from nitrogen were really hydrogen 
nuclei was proved by measuring their deflection in a magnetic field. The 
apparatus used by Rutherford for this purpose is shown in Fig. 109. 

The disc attached to the support C is tlie source of a-particles ; A and B 
are two parallel plates about 7 cm. long, 1-5 cm. wide and 8 mm. apart ; 
S is the zinc sulphide screen ; M is the microscope used for observing the 
scintillations. Absorbing screens inserted between S and R stop the nitrogen 
and oxygen atoms which have a range of 9 cm. When the magnetic field is 
not acting, the boundary between the area within which the scintillations 
are numerous, and that in which they are only seen occasionally is the trace 
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liydrogen nuclei detached from nitrogen nuclei. It was impossible, 
in view of what was known regarding the range of the neutral 
atoms of hydrogen, to attribute these scintillations at long ranges 
to water-vapour contained in the air used for the experiment, or 
to any other hydrogen compound. Rutherford and Chadwiek 
then proceeded to examine a large number of elements to see if 
they produced particles which had a range greater than 32 cm. ; 
when it was not possible to use the element by itself, they used 
a compound with an inactive element such as oxygen ; this was 
the case with calcium, for example. A thin sheet of gold was 
co\'ercd with the substance in powder form, so as to form a 
coherent layer (the absorbing power of whieh, in centimetres of 
air, was known), and this was placed in the path of a stream of 
a-partieles from a sample of radium C. These experiments showed 
that all the elements as far as j)hosphorus, except helium, neon 
and argon, yielded hydrogen nuelei ; the j^rotons emitted in the 
disintegration had a range which rose from 40 cm. in the case of 
boroii, fluorine and sodium, to 65 cm. for j)hosphorus, and reached 
90 cm. in the case of aluminium. 

The energy of these rapid particles is thus greater than the 
energy of the incident a-partieles ; from all that has been said 
above with regard to the range of the protons shot forward in 
the direction of the collisions to whieh they arc subjected by 
a-j)articles entering ‘a hydrogen atmosphere, it is known that the 
velocity acquired by the H atom is 1*6 times as great as that of 

of the line PR produeed to cut the screen. The eflect of the field is to displace 
this boundary, and the strength of the field may be so regulated that, by 
reversing it, the scintillations are at first all below and then all above a 
horizontal line seen through the microscope, as shown in the figure. It is 
impossible to interpret this experiment by itself, since the long-range particles 
are produced at every point in the magnetic field within the range of the 
a-particles (although mainly close to the source). Rutherford therefore 
repeated the experiment with a mixture of hydrogen and carbon dioxide so 
as to obtain the same absorption for the a-particlcs as in the case of air. 
I’nder these conditions the effect of the magnetic field on the scintillations 
was indistinguishable from the effect when using air. Now since, in the case 
of the mixture, the long-range particles cannot be anything but hydrogen 
nuclei, this demonstrated that the scintillations obtained with nitrogen 
were really due to protons, and the only possible source of these was the 
nitrogen nucleus. 

Preliminary experiments showed that carbon dioxide alone gave no 
scintillations. 
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the incident a-partioles, and the range in air is 28 cm. ; since, 
however, the range of a proton resulting from the disintegration 
of aluminium is 90 cm., it follows that its kinetic energy is 
times that of the incident a-particles. Thus, contrary to all 
expectation, the decomposition of these elements does iiot absorb 
energy, but, on the contrary, it produces energy just like the 
radioactive transformations. 

It is noticeable that the only elements which in these early 
experiments were disintegrated by a-rays with the production of 
hydrogen, were the elements belonging to the series having atomic 
weights in + ur in + 2, n being a whole number and 4 the 
atomic weight of helium. For examj^le : 

The atomic weight of boron is 11 = 4 X 2 + 3. 

,, ,, ,, ,, nitrogen is 14 = 1 X 3 + 2. 

„ ,, ,, „ sodium is 23 = i x 5 -f 3. 

„ ,, ,, ,, phosphorus is 31 == 4 X 7 + 

It is therefore natural to suppose tliat the protons detached 
from the nucleus arc simi:)ly those hydrogen atoms which do not 
form part of a helium particle. 

The quantities of matter decomposed by tlie passage of tlie 
a-partieles are extremely small ; Rutherford estimated that about 
300,000 a-partieles were needed to liberate a single proton ; his 
success in demonstrating the dccom})osition of tlie atoms is due 
to the marvellous sensitivity of his method of observation which 
enables the individual atoms to be detected. 

Rutherford and Chadwick’s improvement of their Method 

In these experiments the material to be bombarded was jilaeed 
immediately in front of the source of a-partieles and, as has been 
said, the scintillations were observed on a screen of zinc sulphide 
placed on the other side of the material ; by interposing absorbing 
screens equivalent in all to 30 cm. of air, the results were made 
independent of the presence of hydrogen, whether free or in 
combination, in any impurity present in the substance being 
bombarded. 

Some light elements were examined with smaller amounts of 
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absorption, but generally tlie number of protons due to impurities 
in tlie radioactive material and in the material under examination 
were sueli as to make the results untrustworthy and, moreover, 
in these experiments the presence of long-range particles 
introduced a further complication, since in general they were 
numerous in comparison with the effect ordinarily observed. 

In order to overcome this difficulty, Rutherford and Chadwick 
devised an improved method by means of which they could 
observe the disintcgralion of an element with certainty, even 
when the protons emitted had a range of less than 30 cm. in air. 

The new method is based on the fact that the protons are 
emitted in all directions about the incident rays, so that if the 
particles observed arc tliose liberated in directions perpendicular 
to that of the incident a-particles, these latter create no difficulty. 
There is no need to take account of the so-called natural H 
particles, since if a compound of hydrogen — such as water, 
paraffin, etc. — is exposed to a radioactive source, the H particles 
are all emitted at angles of less than 90°, as will be clear from 
the mechanical considerations applicable to free or stationary 
particles ; these considerations apply equally to atoms attached 
to molecules, for the forces linking the atoms together are negligible 
compared with the energy which is brought into play when the 
a-particles collide with the nuclei. It is therefore sufficient to 
insert absorbing screens so as to prevent these natural H particles 
from reaching the zinc sulphide screen. 

The movable support which carries the radioactive source and 
the material to be bombarded, is placed in an evacuated brass 
box ; the zinc sulphide screen is placed outside the box in front 
of a hole covered with a sheet of mica equivalent to 7 cm. of air. 

This method has the great advantage that protons with ranges 
of less than 30 cm. can be detected ; in the case of ranges less 
than 7 cm., however, the diffused a-particles may reach the screen 
and so cause a complication. The presenee of natural hydrogen 
in the material bombarded has no effect, as we have said already, 
and this may be demonstrated by bombarding paraffin and 
noticing that no scintillations are produced on the zinc sulphide 
screen. 
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As was to be expected, this new method enabled various 
elements to be disintegrated, viz., neon, magnesium, silicon, 
sulphur, chlorine, argon and potassium. Iron did not give any 
reliable results owing to the difficulty of obtaining it perfectly 
free from other bodies liable to disintegration, e.g., nitrogen, 
which always gave fictitious results ; thus while a piece of 
electrolytic iron gave no protons with ranges greater than 7 cm. 
of air, a piece of Swedish iron gave a marked effect which 
undoubtedly was attributable to nitrogen ; in fact, prolonged 
heating in a vacuum resulted in an almost complete disappearance 
of this result of apparent disintegration. Rutherford found no 
effect in the ease of nickel, copper, zinc, silver or gold, all of 
which seemed to resist disintegration. 

Whilst these wonderful researches, realising the dreams of the 
mediaeval alchemists, were proceeding at Cambridge during the 
years 1924-1927, other parallel experiments were being carried 
out by Kirseh, Schmidt, Pettersson and others, using experimental 
criteria which space will not permit us to describe.* 

The study of disintegration, together with that of the. diffusion 
of a-rays in matter, forms the principal source of our information 
concerning the structure and properties of the atomic nuclei ; 
we are, however, still very far from possessing a complete 
knowledge of these matters. 

In addition to certain differences of method, there is some 
diversity of opinion between the laboratories at Cambridge and 
at Vienna concerning the number of elements that can be 
disintegrated ; thus while Rutherford and Chadwick state that 
protons are emitted — on bombardment by a-rays having a range 
of 7 cm. — by the lighter elements of the periodic system up to 
and including potassium, with the exception of helium, lithium, 
beryllium, carbon and oxygen, the workers at Vienna assert that 
they have disintegrated all these latter elements as well, with the 
single exception of helium, and they add to the list other elements 
heavier than potassium ; sulphur is now universally agreed to be 
capable of disintegration. 

It will be understood at once why it is impossible to break up 
* Pettersson and Kirseh, Atomzertrummerung, 
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the lielhini nucleus by means of a collision with an a-particle ; 
in fact a very simple calculation is sullicient to show that the 
energy emitted during the formation of an atom of helium is 
equal to that of several of the fast a-particles emitted from 
radium.* 

Besides the scintillation method, several others have been used ; 
Blackett (1925) used the well-known condensation method, devised 
by Wilson, which shows up the paths of tlie particles in motion, 
as we shall explain in the next section ; in 20(),()0() photographs 
giving about 100,000 trajectories of a-particles in moist nitrogen, 
there appeared traces of the expulsion of 8 protons, and the 
remarkable fact was noticed that the a-particle remained attached 
to the nucleus which it bombarded. 

A very elegant method is that of Ortner and Stetter {Phys. 
Zeits.^ 28, p. 70, 1927) who, by means of tele})honic amplifiers 
with thermionic valvTs, succeeded in detecting, as distinct blows 
in a telephonic receiver, the momentary currents produced in an 
ionisation chamber by single particles ; the a-particles were 
distinguished from the protons by the difference in the intensity 
of the sound heard in the telephone. 

At the congress at Como (September 1927), Rutherford described 
further progress which has been made in the development of the 
nuclear theory of the atom, but to describe this here would carry 
us outside the limits of this book. 

Photographs of the Expulsion of Protons obtained by 
P. M. S. Blackett (1925) 

Blackett,| by using the ‘‘ cloud method,” was successful in 
photographing collisions (between a-particlcs and an atom of gas) 
which were followed by the expulsion of a proton ; following 
C. T. R. Wilson’s method (see p. 317), the path of the particles 

♦ Since the loss of mass M'hich takes place in the formation of helium is 
4 X 0-0077 = 0-03, the energy represented by a gramme atom of helium is 
0-03 X 90 X lO^o = 2-0 X 10^® ergs -- 0,000 million large calories. 

Thus, the energy required for the formation of a single a-particle is 2-7 X 
10^®/60-6 X 10®® = 4-4 X 10~® ergs. This is about three times as great as that 
of the fastest cL-particle, 

t P. M. S. Blackett, “The Ejection of Protons from Nitrogen Nuclei,” 
Proc. Roy. Soc., 107, p. 349, 1925. 
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was made visible by means of a 
sudden expansion whieh caused 
the water-vapour present in the 
gas to condense in minute drops 
on the ions produced by the 
a-partieles in their path. It is 
clear that in order to determine 
the angles between the trajectories 
— that of the incident a-partiele, 
that of the ])artiele after the 
collision, and that of the expelled 
proton — a single ])hotogra])li is 
not suflieient because of the 
effect of perspective in altering these angles, unless the plane 
containing the three trajectories happens to be parallel to the 
photographic plate ; Blackett therefore used a mirror device by 
means of which he could obtain j)hotographs in two jdanes at right 
angles ; from these two records the true angles coidd be found. 
Fig. 110 shows a photograph of a collision of an a-j)artiele 
with oxygen, giving two viezvs of the same fork.” The longer 
arm of the fork corresponds to the path of the a-partielc after 
the collision, while the shorter arm corresponds to the path of 
the O nucleus. A determination of the two angles enables the 
ratio between the two masses to be calculated. 

Fig. Ill shows a eoj)y of photographs by Blackett of a-particles 
in heliurn. The true angle between the two arms is 89° 27', and 

Blackett calculated 0-981 as 
the ratio between the masses 
whieh, as we know, is really 
unity. 

Rutherford and Chadwick 
had already shown that out 
of a million a-particles with 
a range of 8-G cm., the 
expulsion of a proton from 
nitrogen occurred only about 
twenty times ; Blackett had 






S60 


THE ATOMIC NUCLEUS 


therefore to take thousands of photographs in order to be able 
to examine some forked tracks corresponding to the expulsion 
of a proton ; the trace of the proton is finer than that due to an 
a-particle ; the angle which the path of the incident particle 
makes with the two arms of the fork do not correspond to the 
case of an elastic collision, but the three are all in one plane ; 
this shows that although the kinetic energy of translation is not 
conserved in such a collision, owing to the introduction of the 
nuclear energy, nevertheless the conservation of momentum still 
holds. The velocity of the proton expelled may be calculated 
by this method, and the value actually obtained is in agreement 
with that deduced by Rutherford and Chadwick from the ranges 
of the protons as determined in the scintillation experiments 
which they described. 
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